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ABSTRACT 
Ectomycorrhizal (ECM) fungi are an important component of soil fungal 
communities forming beneficial symbioses with their host plants. There is limited 
knowledge of how Australian ECM fungi respond to climate change. The aims of 
this study were (i) to collect, isolate into axenic culture and identify Australian 
Pisolithus sp., (ii) use this isolate collection to investigate the growth response of 
Pisolithus sp. to increasing C:N ratios in axenic culture,  (iii) investigate the response 
of Pisolithus sp. in symbiosis with Eucalyptus globulus seedlings to ambient and 
elevated atmospheric [CO2] in laboratory microcosms, and (iv) to investigate the 
effects of elevated atmospheric CO2 concentrations and temperature on 
ectomycorrhizal fungal communities (including Pisolithus sp.) associated with E. 
globulus in a whole tree chamber experiment.. These investigations were designed to 
gain information of ECM fungal responses to future projected climate change 
scenarios. 
This study was successful in generating a large collection of Pisolithus sp. isolates 
(46 isolates in total) from various locations on the east coast of NSW, Australia and 
identifying them by ITS sequencing and phylogenetic analysis with previous 
generated ITS sequences for Pisolithus sp. from the Genbank database. The final 
collection was shown to comprise three species: P. microcarpus, P. albus and 
another as yet unidentified Pisolithus species (denoted species 10). 
All Pisolithus isolates were incubated on liquid MMN plates with a gradient of C:N 
ratio of either 10:1, 20:1 or 40:1. There were inter- and intra-specific variations in 
the observed growth and nutrient uptake responses of the isolates representing the 
three Pisolithus sp. tested. Six isolates had highest growth rate at the lowest C:N 
 xix 
 
ratio, a further six isolates increased growth rate with increasing carbon availability, 
while three isolates had highest growth rate, and a further three isolates had lowest 
growth rate, at 20:1 C:N ratio.  
To assess the effects of increased atmospheric CO2 concentration [CO2] on ECM 
symbioses, E. globulus seeds were surface sterilised and germinated under sterile 
conditions, colonised by 6 isolates of either P. albus or P. microcarpus mycelium 
plugs and grown in microcosms under ambient or elevated atmospheric [CO2] 
Mycorrhizal seedlings produced up to 500% more biomass than non-mycorrhizal 
seedlings in the ambient treatment and up to 300% more biomass in the elevated 
treatment. C was concentrated in the stem and leaves rather than the roots for both 
treatments. Pisolithus colonised seedlings and the rhizosphere soil, captured C in 
excess of the C lost to the system; up to 9 times more than non-mycorrhizal control 
microcosm in the ambient treatment and up to 7 times more in the elevated 
treatments. Overall this work showed that the combination of Pisolithus albus and E. 
globulus has high potential for C capture in both plant tissue and soil. 
Saplings of E. globulus were planted in the Hawkesbury Forest Experiment (HFE) 
whole tree chambers. These chambers were subjected to ambient and elevated 
(ambient + 3°C) temperature and atmospheric [CO2], (400 ppm and 640 ppm). Mesh 
bags filled with acid washed sand were inserted into soil underneath the saplings 
planted in the whole tree chambers and left in place for a period of 5 months. DNA 
was extracted from each of these bags and analysed using terminal restriction 
fragment length polymorphism (TRFLP) and Illumina MiSeq sequencing followed 
by multivariate statistical analysis. The α diversity (species richness) was found to be 
increased in the combined elevated [CO2] and temperature treatment (eTeCO2) and 
there was a difference in the β diversity (community composition) with individual 
 xx 
 
species dominance altered. The major separation observed in the multivariate 
analysis was due to the combined effects of the elevated temperature and elevated 
[CO2] treatment.  
Overall, the results from the research presented in this thesis, support a key role for 
Pisolithus sp., which are important ectomycorrhizal fungal symbionts of Australian 
eucalypts in increasing C capture and C cycling in eucalypt dominated Australian 
ecosystems. 
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CHAPTER ONE 
General Introduction 
1.1 Scope and aims 
The central aim of this research project is to investigate the effects of various climate 
change factors on ectomycorrhizal (ECM) fungi (including Pisolithus sp.) that form 
symbiotic associations with Australian eucalypts.  
ECM fungi are important in C and nutrient cycling processes in forest ecosystems 
including eucalypt-dominated Australian forest ecosystems. ECM fungi receive C in 
the form of carbohydrates from their plant host. After translocation of the products of 
photosynthesis to the root system, C is acquired by the ECM fungal symbiont across 
the fungal/plant interface in the Hartig net. ECM fungi can receive up to 30% of 
recent photoassimilates in some forest ecosystems (Pumpanen et al., 2009).  
Climate change in Australia is predicted to result in significant increases in 
atmospheric carbon dioxide concentrations ([CO2]) and temperature by the end of 
the century. The temperate forests of the northern hemisphere and their ECM fungal 
communities are impacted by such climate change factors. Previous studies have 
shown that increased atmospheric [CO2] can result in an increase in belowground 
ECM fungal biomass (Table 1.2), while increased temperatures have been shown to 
affect the relative abundance of individual species within ECM fungal communities 
(Table 1.3). This later change results in altered community structure (Rygiewicz et 
al., 2000) and heterotrophic soil respiration rates (Malcolm et al., 2008). The 
responses of different ECM species, however, and of different individuals of the 
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same ECM species have been shown to be highly variable (Anderson et al., 1999, 
Fransson et al., 2007a, 2007b.).  
As there have been no comparable studies on Australian ECM fungi and their 
eucalypt hosts, we do not currently know what the response of these important 
below-ground components of Australian native forests to future climate change will 
be.  
The specific aims were: 
 To collect, isolate and identify a range of Australian Pisolithus sp. and 
maintain them in axenic culture. 
 To investigate the growth response of Pisolithus sp. to increasing C:N ratios 
in axenic culture. 
o Hypothesis: “Pisolithus sp. will increase production of mycelial 
biomass in response to increasing C: N ratios in axenic culture.” 
 To investigate the responses of Pisolithus sp. in symbiosis with Eucalyptus 
globulus seedlings to ambient and elevated atmospheric CO2 concentrations 
in laboratory microcosms.  
o Hypothesis: “Host eucalypt plants will produce more biomass when 
colonised by ECM Pisolithus sp. and there will be an increase in the 
capture of below ground carbon.” 
 To investigate the effects of elevated atmospheric CO2 concentrations and 
temperature on ectomycorrhizal fungal communities associated with E. 
globulus in climate controlled whole tree chambers. 
o Hypothesis: “The diversity of ectomycorrhizal fungal communities 
will be altered in response to the exposure of Eucalyptus globulus to 
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elevated atmospheric CO2 concentration and temperature with an 
expected increase in species abundance as opposed to changes in 
species richness.” 
 
1.2 Climate science 
Global climate patterns are changing. While climate patterns are thought to have 
remained relatively stable for ten thousand years, the present climate is in a state of 
flux with surface air temperatures rising, rainfall patterns changing and drought 
events increasing in severity (IPCC, 2007, Australian Bureau of Meteorology, 2010). 
These predictions have been verified by recent data (IPCC, 2014) where the degree 
of atmospheric warming has been found to be slightly less (hiatus period), although 
the deep sea warming rate has increased and the severe weather events are occurring 
sooner than previously expected. These changes have been driven by increasing 
concentrations of greenhouse gases (GHG) in the atmosphere, including CO2, 
resulting in a reduced amount of radiation escaping from the atmosphere 
(Dall'Amico et al., 2010). From data collected over the past 50 years, together with 
data sourced from historical information, atmospheric CO2 concentration ([CO2]) 
increased from 280 parts per million, (ppm) in 1750 (before the industrial revolution) 
to 385 ppm in 2009 (Keeling et al., 2010, Steele et al., 2010a, 2010b) and 400 ppm 
by 2012 (IPCC, 2014). The rate of increase in atmospheric [CO2] has increased from 
0.51 ppm y
-1
 in 1960 to 2.02 ppm y
-1
 in 2009, indicating that the rate of increase is 
accelerating and if this trend continues it is estimated that the atmospheric [CO2] will 
be 465 ppm by 2050 (Tans, 2010). The IPCC report estimates a minimum [CO2] of 
700 ppm by 2100. Global air surface temperatures are also increasing (IPCC, 2007, 
Serreze, 2009) and in Australia, the average annual land surface air temperature has 
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risen by 1°C since 1990 and it is predicted to increase by a further 1°C to 3°C by 
2050 and by as much as 3°C to 6°C by 2099 (Australian Bureau of Meteorology, 
2008, 2010). The frequency of exceptionally hot years is also expected to increase by 
60 to 80% across all of Australia bringing with it the associated increased risk of fire 
events (Hughes, 2003). These projections are based on models that have been 
developed using historical climate data and are an attempt to understand the changes 
that have occurred over recent times and to predict future climatic trends. These 
models predict that drought episodes will increase in severity and duration 
throughout Australia, while rainfall is predicted to decrease by up to 10% in the 
central and southern regions of Australia and increase by up to 5% in Australia’s 
north (Hennessy et al., 2008). Snow cover is predicted to reduce by up to 39% by 
2030 and up to 96% by 2070 in the Australian alps if current climatic trends continue 
(Hughes, 2003). 
It must be noted that these changes cannot be attributed completely to GHG 
increases due to lack of long term data (Hunt, 2009). In the 2014 IPCC report on 
climate change, updated models have confirmed the trends, but long term data relates 
to centuries of information assessment. 
 
1.3 Ecological responses 
Ecosystems respond to environmental pressures, with one of the most drastic of 
these responses being extinction. Temperature plays an important role in the ability 
of the ecosystems to respond to changes in their environment (Pounds et al., 1999, 
Root et al., 2003, Jefferies et al., 2010). All life has an optimal temperature range 
within which it is viable and populations that exist at the extreme upper end of their 
temperature range are likely to be affected by only a minor increase in temperature 
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(Hughes et al., 1996), although, many species of the soil microbial community have 
been found to acclimatise to such changes in the environment (Bradford et al., 2008, 
Malcolm et al., 2008). Drought may have an impact on some eucalypt species and 
their soil fungal community (Crous et al., 2013, Curlevski et al., 2014). With an 
increase of 2°C in the global surface air temperature and an atmospheric [CO2] of 
700 ppm, it is predicted that biodiversity within ecosystems will be significantly 
affected such that globally 24% of species across a wide range of habitats will be 
‘committed to extinction’ when this condition is reached (Thomas et al., 2004). 
However, not all changes would necessarily be negative. There is evidence that some 
species have already been affected by small increases in temperature in recent times. 
For example, the fungal fruiting season in the Northern Hemisphere has been found 
to have expanded, starting earlier and extending later in recent years compared to the 
last five decades, especially for mycorrhizal fungal species (Gange et al., 2007).  
The Australian alpine groundsel, Senecio pectinatus, along with other alpine plants 
have been found to have altered their life cycle due to the increased temperatures, 
such that they flower earlier than previously recorded, thus affecting insect 
behaviour (Gallagher et al., 2009). It has also been predicted that many species of 
plants, birds, insects, amphibians, fish, lichens and mammals will shift their ranges 
for survival (Parmesan and Yohe, 2003). For example, the habitat range of banksia in 
southwest Western Australia is predicted to contract (Yates et al., 2010). It has been 
observed that 80% of plant and animal species investigated have already initiated 
this range shift (Root et al., 2003).  
Since 53% of Australian eucalypt species inhabit areas that encompass only a 3°C 
range in temperature, it has been suggested that those species at the edge of their 
range will be impacted with projected temperature increases (Hughes et al., 1996) 
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and this, along with habitat fragmentation may lead to further contraction of eucalypt 
ranges (Wevill and Read, 2010).  
 
1.4 Carbon cycling 
Forest ecosystems capture C from the atmosphere via plant photosynthesis. 
Photosynthetically fixed C is used to produce carbohydrates that are subsequently 
translocated through the plant and used for growth. A portion of this photosynthate is 
also released into soil in the form of root exudates. In boreal forests of the northern 
hemisphere, 43% to 75% of the assimilated C is partitioned in the leaves and stems, 
9% to 26% is utilised by the root and rhizosphere in respiration, and 13% to 21% is 
converted to biomass by the root and mycorrhizal component (Pumpanen et al., 
2009).  
There is an estimated 2400 Gt of organic C stored in the world’s soils (to a depth of 
2 m) (Kirschbaum, 2000), with a capacity to store significantly more with best 
practice management in Australia (Sanderman et al., 2010). Australian native 
eucalypt forests contain approximately 6.56 Gt of C in their aboveground biomass 
and approximately 5.51 Gt of C sequestered in soils (Forests Australia, 2011). It has 
been suggested that should a 10% increase in the amount of C stored within the soil 
and its microorganisms be achieved, 30 years of greenhouse gas emissions would be 
sequestered (Kirschbaum, 2000). 
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1.4.1 Carbon accounting 
C accounting methods are utilised to explain the allocation and budgets of C within 
ecosystems. The Kyoto protocol emphasises the positive contribution of 
afforestation and reforestation in mitigating the effects of atmospheric [CO2] and 
encourages nations to include these activities in C sequestration accounting methods 
(Kaul et al., 2010). C accounting for forest ecosystems depends upon models that 
consider the various sectors of the ecosystem as parameters (Brack and Richards, 
2002) which can include reforestation and its increasing diversity as one of its inputs 
(Fensham and Guymer, 2009). C accounting methods also consider the C allocation 
and fluxes within the ecosystem. Forest ecosystem accounting models include: 
(1) the above ground net primary production (ANPP), which can refer to the 
foliage component  
(ANPPfoliage), wood (ANPPwood), or total (ANPPtotal = ANPPfoliage + 
ANPPwood); 
(2) the below-ground net primary production in roots (BNPProot) 
(3) the above-ground litterfall (Fa); soil respiration (Fsoil) 
(4) gross primary production (GPP) 
(5) net primary production (NPP = ANPPtotal + BNPProot) 
(6) autotrophic respiration (R), which can be expressed for all components of 
the system as Rfoliage, Rwood, Rroots, above-ground Rabove = Rfoliage + Rwood, 
and total Rtotal = Rabove + Rroot; and the total below-ground carbon flux 
(TBCF = BNPProot + Rroot + C to root exudates and mycorrhizae).  
For the purpose of estimating a total carbon budget for a system, one model uses the 
formula:  
GPP = ANPPfoliage + ANPPwood + Rfoliage + Rwood + TBCF (Litton et al., 2007). 
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While models have been constructed to estimate the impacts of climate change on 
soil communities (Bowker et al., 2010) and soil respiration due to microbial 
communities (Kaiser et al., 2010), there is currently a tendency to group the response 
of mycorrhizal fungi with the host root system because of the symbiotic nature of the 
fungal:plant interaction. Given the potential importance of mycorrhizal fungi in 
belowground C sequestration (section 1.7) there have been recent efforts to try to 
separate their response from that of their plant host (Fransson et al., 2007a, Millard 
et al., 2008).  
ECM extraradical mycelium is considered to be the major source of soil C within the 
soil organic matter (SOM) of forest ecosystems (Godbold et al., 2006). For example, 
in a Norway spruce forest, C within the ECM fungal network was estimated to be 
480 g m
-2
 (Godbold et al., 2006). More research into responses of mycorrhizal fungi 
is needed in order to determine their contribution to forest C sequestration and thus 
be more accurately included in C cycling models.  
 
1.5 Australian eucalypts  
Eucalypt forests are dominant throughout most of the Australian landscape across a 
wide range of habitats from semi-arid to high mountains, coastal to inland savannas. 
The annual rainfall in these habitats varies between 300 mm to 2000 mm and the 
survival strategies reflect this, ranging from slow growing mallee eucalypt,where the 
rainfall is varied and low, to fast growing ash eucalypt, where the rainfall is more 
reliable and higher, with abilities to withstand drought and flooding rains, bushfires 
and cyclones (Turnbull, 1999, Keith, 2004). 
There are ca 12 million ha of eucalypt plantations worldwide (ca 1.82 million ha in 
Australia) (Myburg et al., 2007) which produce hardwood timber; firewood for local 
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rural communities; pulpwood products; ethereal oils for medicinal and germicidal 
uses; gums and resins; and nectar and pollen for the honey industries (Turnbull, 
1999). Australian native forests cover approximately 147 million ha, 79% of which 
is dominated by eucalypt trees (Forests Australia, 2011). 
Brooker (2000) classified the eucalypts into 800 species divided into 13 sub genera 
(Brooker, 2000). This classification has since been refined by a range of  molecular 
and morphological studies (Udovicic and Ladiges, 2000, Steane et al., 2002, Ladiges 
et al., 2003, Whittock et al., 2003, Crisp et al., 2004, Parra-O et al., 2006) resulting 
in the identification of three distinct clades : the Corymbia + Angophora clade; the 
Eucalyptus clade and the Eucalyptopsis group. Corymbia is monophyletic, 
Eucalyptus is a sister clade to the Corymbia/Angophora clade and Corymbia and 
Angophora are individual genera. The Eucalyptopsis clade has been judged to be 
outside the other two clades (West, 2010). In the most current estimate there are over 
890 species and subspecies recognised (Hewson, 2010). Major tree species used in 
plantations include E. albens, E. camaldulensis, E. diversicolor, E. globulus, E. 
grandis, E. nitens, E. pilularis, E. regnans, E. saligna and E. tereticornis. (NAFI, 
2011, PlantNET, 2011).  
 
1.6 Mycorrhizal fungi 
Mycorrhizal fungi form symbiotic associations with a range of host plants whereby 
both the plant and fungal partners benefit (Heinrich and Patrick, 1986, Bougher et 
al., 1990, Jones et al., 1998, Smith and Read, 2008). The fungal partner acquires 
simple carbohydrates from the plant and the plant acquires mineral nutrients from the 
fungus  Lewis and Hartley 1965a,1965b, 1965c, Nehls et al., 1998, Smith and Read, 
2008) although there are a range of other benefits including water uptake (Walker et 
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al., 1998a, Egerton-Warburton et al., 2007, Lilleskov et al., 2009) salinity tolerance 
(Tang et al., 2009) and metal tolerance (Collins et al., 2007, Smits and Hoffland, 
2009).  
Plant/fungal mycorrhizal associations can be grouped into four main categories 
(Brundrett, 2002, Smith and Read, 2008).  
(1) Arbuscular mycorrhizae (AM) 
(2) Ectomycorrhizae (ECM) 
(3) Ericoid mycorrhizae (ERM) 
(4) Orchid mycorrhizae  
In evolutionary terms, fungi are thought to have colonised land before plants and 
became attracted to the simple rhizoids of the early bryophytes. These bryophytes 
had begun to exude excess C assimilates derived from photosynthesis into soil in 
environmental conditions of high sunlight and high atmospheric [CO2] of the 
Ordovician period (~ 500 million years ago) (Mora et al., 1996, Brundrett, 2002, 
Lambers et al., 2009) forming endophytic associations. Further evolutionary stages 
caused some endophytic fungi to diverge into mycorrhizal types. They are thought to 
have evolved into AM by the Cretaceous period (120 million years ago). The 
endophytic fungi also evolved into ECM associations by a separate pathway 
(Brundrett, 2002). AM and ECM became associated with the emerging angiosperm 
plant species and differentiated along with their hosts into the vast number of 
mycorrhizal species present around the globe (Brundrett, 2002). The ancestors of the 
present day mycorrhizal fungi are thought to be terrestrial and their common 
ancestor has been determined to have been saprotrophic in nature, evolving into a 
mutualistic partner (James et al., 2006). 
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There are approximately 5,000 ECM fungal species identified in the temperate 
regions of the world (Richard et al., 2005) with at least 700 ECM fungal species 
endemic to Australia (Brundrett, 2008). The typical morphological traits of ECM 
fungal associations include mycelia that extend from the fine roots of the host into 
the surrounding soil in search of nutrients; the fungal hyphal mantle which envelops 
the fine root and develops into nutrient storage structures and the Hartig net which 
consists of mycelium from the mantle that penetrate between the root cells into the 
apoplastic space where they act as an interface between fungi and plant host (Ingleby 
et al, 1990, Brundrett, 2008, Smith and Read, 2008).  
 
1.6.1 Basidiomycota 
Most ECM fungi are found within the fungal phylum Basidiomycota (Hibbett, 2007) 
which has 23 clades, 19 of which contain mycorrhizal symbionts (Brundrett, 2008). 
Thirty four percent of fungal species belong to the phylum Basidiomycota which has 
three subphyla of Pucciniomycotina, Ustilaginomycotina and Agaricomycotina 
(James et al., 2006, Hibbett, 2007, McLaughlin et al., 2009, Stajich et al., 2009). 
These species can be either unicellular or multicellular, sexual or non sexual, 
terrestrial or aquatic and are defined by their production of sexual spores in a 
basidium and hyphal clamp connections in most, but not all, species (Swann and 
Hibbett, 2007). The Pucciniomycotina and Ustilaginomycotina species are usually 
parasitic or saprobiotic in nature while Agaricomycotina produce multicellular 
sporocarps and are important for animals as food, in the decomposition of organic 
matter, causal in some plant diseases and as ECM symbionts with many plant 
families (Hibbett, 2007, McLaughlin et al., 2009, Stajich et al., 2009).  
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1.6.2 ECM symbionts of Eucalyptus 
One of the ways that Australian eucalypts have adapted to decreasing soil nutrients 
and increasing water limitations has been to form alliances with soil microorganisms. 
Mycorrhizal fungi can assist the root system to acquire nitrogen, phosphorus, water, 
as well as other nutrients, and has been adopted by Rutaceae, Epacridaceae and the 
Myrtaceae plant families (Jones et al., 1998, Keith, 2004, Smith and Read, 2008), of 
which Eucalyptus is one genus. The main ECM fungi that form associations with 
eucalypts belong to 9 main genera including Pisolithus, Paxillus, Scleroderma, 
Amanita, Cortinarius, Laccaria, Descolea, Lactarius and Russula. These examples 
are summarised in Table 1.1. 
Most of the ECM fungal species associated with eucalypts belong to the subphylum 
Agaricomycotina of the phylum Basidiomycota, which are characterised by the 
presence of unique physical structures. These physical structures include basidia, 
sexual organs that produces basidiospores; clamp connections, which are formed 
when the dikaryotic cells divide; and long lived dikaryon, cells in the thallus that 
contains two haploid nuclei as a result of mating (Swann and Hibbett, 2007). The 
basidiospores of ECM fungi are often contained within multicellular sporocarps, or 
mushrooms, that are stimulated into production following sufficient rainfall and the 
colder weather of autumn (Newbound et al., 2010). Each ECM fungal species may 
have different survival, nutrient acquisition and carbon utilisation strategies and the 
most advantageous scenario for the host plant is to have a diversity of ECM fungal 
species associated with its root system to ensure the optimal survival response under 
a broad range of environmental conditions (West and Jones, 2000, Egerton-
Warburton et al., 2007, Kazantseva et al., 2009). 
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One approach to distinguish between the various ECM fungi is the exploration type 
classification system proposed by Agerer  which is based on generalised patterns of 
external mycelium production by different ECM fungal species (Agerer, 2001). 
Exploration types range from “contact” type, where the mycelium form short hyphae 
close to the root to “long distance” type where the mycelium extends significant 
distances into the surrounding soil away from the host plant root system. 
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Table 1.1 Examples of the main ECM fungal genera associated with eucalypts 
ECM genera Exploration type Eucalyptus sp host References 
 
Pisolithus Long distance E.diversicolor (Lu et al., 1999) 
  E. globulus (Horan et al., 1988); 
(Hilbert et al., 1991);  
(Thomson et al., 1994); 
(Diaz et al., 1997); 
(Howard et al., 2000); 
(Lagrange et al., 2001, 
Lu et al., 1999); 
(Peter et al., 2003); 
(Duplessis et al., 2005); 
(Chen et al., 2007a) 
  E. grandis (Burgess and Dell, 
1996a); (Burgess et al 
1996) 
  E. marginata (Lu et al., 1999); 
(Howard et al., 2000) 
  E. propinqua (Chen et al., 2007a) 
  E. robusta (Chen et al., 2007a) 
  E. urophylla (Chen et al., 2007a) 
Paxillus Long distance E. globulus (Horan et al., 1988); 
(Lagrange et al., 2001) 
  E. diversicolor (Lu et al., 1999) 
  E. marginata (Lu et al., 1999) 
    
Scleroderma Long distance E. dunnii (Giachini et al., 2004) 
  E. globulus (Thomson et al., 1994); 
(Howard et al., 2000); 
(Chen et al., 2007a) 
  E. marginata (Howard et al., 2000) 
  E. robusta (Chen et al., 2006b);  
(Chen et al., 2007a); 
(Tedersoo et al., 2007)  
  E. diversicolor (Lu et al., 1999) 
  E. urophylla (Chen et al., 2006b); 
(Chen et al., 2007a) 
  E. urophylla X E. 
tereticornis 
(Chen et al., 2006b); 
(Chen et al., 2007a) 
  E. exserta (Chen et al., 2007a) 
  E. grandis (Chen et al., 2007a) 
  E. grandis X E. 
urophylla 
(Chen et al., 2007a) 
Amanita Medium distance, 
undifferentiated 
rhizomorphs 
E. camaldulensis (Chen et al., 2007a); 
(Newbound et al., 
2010) 
  E. diversicolor (Lu et al., 1999) 
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  E. globulus (Thomson et al., 1994); 
(Howard et al., 2000); 
(Chen et al., 2007a) 
  E. marginata (Lu et al., 1999); 
(Howard et al., 2000) 
  E. urophylla (Chen et al., 2007a) 
Cortinarius Medium distance, 
fringe rhizomorphs 
with fans of 
mycelium that 
interconnect 
repeatedly. 
E. camaldulensis (Newbound et al., 
2010) 
  E. diversicolor (Lu et al., 1999) 
  E. marginata (Lu et al., 1999) 
  E. robusta (Tedersoo et al., 2007) 
  E. regnans (Tedersoo et al., 2008)  
  E. globulus (Thomson et al., 1994) 
Laccaria Short to medium 
distance, 
extracellular 
phenoloxidase, 
usually hydrophilic. 
E. camaldulensis (Newbound et al., 
2010) 
  E. dunnii (Giachini et al., 2004) 
  E. globulus (Thomson et al., 1994); 
(Howard et al., 2000); 
(Chen et al., 2007a) 
  E. marginata (Lu et al., 1999); 
(Howard et al., 2000) 
  E. regnans (Tedersoo et al., 2008) 
  E. exserta (Chen et al., 2007a) 
  E. grandis X E. 
urophylla 
(Chen et al., 2007a) 
  E. propinqua (Chen et al., 2007a) 
  E. robusta (Chen et al., 2007a) 
  E. urophylla (Chen et al., 2007a) 
    
Descolea Short distance, large 
mantle, no 
rhizomorphs. 
E. globulus (Thomson et al., 1994); 
(Howard et al., 2000) 
  E. marginata (Howard et al., 2000) 
  E. regnans (Tedersoo et al., 2008); 
(Warren, 2009)  
    
Lactarius Contact exploration 
type, extracellular 
phenoloxidase, 
hydrophilic. 
E. marginata (Lu et al., 1999) 
  E. regnans (Tedersoo et al., 2008) 
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Russula Contact, similar to 
Lactarius. 
E. regnans (Tedersoo et al., 2008) 
  E. camaldulensis (Chen et al., 2007a) 
  E. exserta (Chen et al., 2007a) 
  E. globulus (Chen et al., 2007a) 
  E. diversicolor (Lu et al., 1999) 
  E. marginata (Lu et al., 1999) 
  
 
1.6.3 Pisolithus species complex 
The fungal species within the ECM genus Pisolithus are considered to be long 
distance exploration type fungi characterised by few, but differentiated, rhizomorphs 
(Agerer, 2001). There are many species globally with several endemic to Australia 
(Anderson et al., 1998, Martin et al., 2002). These fungi have been found to have an 
aggressive habit and are early colonisers of host plant root systems (Parladé and 
Alvarez, 1993). Pisolithus species are known to form ECM associations with many 
eucalypt species including Eucalyptus globulus, (Horan et al., 1988, Hilbert et al., 
1991, Thomson et al., 1994, Diaz et al., 1997, Nehls et al., 1998, Howard et al., 
2000, Lagrange et al., 2001, Peter et al., 2003, Duplessis et al., 2005, Chen et al., 
2007a); E. grandis (Burgess et al., 1996b); E. diversicolor (Lu et al., 1999); E. 
marginata (Lu et al., 1999, Howard et al., 2000); E. propinqua, E. robusta and E. 
urophylla  (Chen et al., 2007a). 
The Pisolithus genus was once considered to be represented by a single species; 
Pisolithus tinctorius, originating from the Holartic realm. However, recent molecular 
studies have revealed that the Pisolithus genus contains more than a single species 
and that there are as many as 10 individual species within this genus that have a 
worldwide distribution and form ECM associations with a range of hosts of their 
geographical origins (Anderson et al., 1998, Martin et al., 2002). Within Australia, 
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three species have been identified and described; P. marmoratus, P. albus and P. 
microcarpus. There is possibly a further two species which remain undescribed 
(Martin et al., 2002).  
The basidiospores of Pisolithus are dispersed by wind action over a period of weeks 
to months and this method of dispersal may account for the high gene flow across 
the eastern states of Australia, resulting in large scale populations of a single isolate 
(Hitchcock et al., 2011). It has also been proposed that P. marmoratus, P. albus and 
a further undescribed Pisolithus sp. have been transported by trans Tasman airflows 
to New Zealand where these species have been found forming ECM associations 
with kanuka (Kunzea ericoides var. microflora) (Myrtaceae) (Moyersoen et al., 
2003). Within populations of Pisolithus in Australia, the size of individuals has been 
found to range from 2 to 4m
2
 (with 1 individual extending to 120m
2
) and the age of 
some individuals was found to be at least 2 years old (Anderson et al., 2001b). With 
eucalypts and acacia as possible hosts, the range of Pisolithus sp could be as vast as 
these host plants. These ranges include both urban and rural areas within Australia  
and this may contribute to continued long range dispersal of Pisolithus basidiospores 
(Hitchcock et al., 2011).  
 
1.6.4 ECM colonisation of eucalypts 
The colonisation process includes formation of a mantle, Hartig net and extension of 
hyphae into the surrounding substrate which are all visible within days of initial 
contact between ECM fungus and host root, with chemical changes occurring in both 
partners within one day after initial contact (Horan et al., 1988). 
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The ECM fungal partner provides the host with minerals and other nutrients in return 
for the supply of plant derived carbohydrates (Gogala, 1991, Beguiristain et al., 
1995, Smith and Read, 2008), although there are a range of other benefits of the 
ECM symbiosis including enhanced water uptake  (Walker et al., 1998a, Egerton-
Warburton et al., 2007, Lilleskov et al., 2009) and host salinity (Tang et al., 2009) 
and metal tolerance , (Collins et al., 2007, Smits and Hoffland, 2009).  
ECM fungi are the major eucalypt mycorrhizal symbionts and the formation of this 
symbiosis has been well documented (Horan et al., 1988, Giollant et al., 1993, 
Lagrange et al., 2001, Martin et al., 2001, Duplessis et al., 2005, Smith and Read, 
2008). Horan et al. (1988) described the time frame of the ECM fungal colonisation 
process and showed that all recognisable structures including the mantle and Hartig 
net were visible after a period of days after initial contact between Pisolithus 
tinctorius and Eucalyptus globulus.  
Root colonisation by ECM fungi results in branching patterns of the lateral root 
system that is typical of the host/fungi combination. Broadly, the roots form 
heterorhizy patterns consisting of short mycorrhizal roots within the network of 
longer roots. The short roots develop more slowly than the longer roots, possibly to 
allow mycorrhizal colonisation, and the long roots of many host species develop a 
periderm coating which inhibits mycorrhizal colonisation (Ditengou et al., 2000, 
Brundrett, 2008, Smith and Read, 2008, Ostonen et al., 2009). The short root that is 
colonised will continue to elongate and branch. As an angiosperm, eucalypt roots 
have typical sympodial branching, irregular short laterals along a primary axis. 
Identification of the ECM fungus colonising the root by morphology uses size, 
colour, texture and branching pattern of the short root system. Different 
combinations of host and ECM fungus produces a unique set of morphological traits 
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(Brundrett, 2008, Smith and Read, 2008), with individual ECM fungal species 
influencing the particular morphology of the short roots (Ostonen et al., 2009). 
Molecular methods using PCR targeting the internal transcribed spacer (ITS) region 
of the ribosomal gene cluster are now commonly used to refine morphological 
classifications (Horton and Bruns, 2001). 
Recent research has identified several proteins and genes that are thought to be 
essential in recognition between the plant and fungal partners for formation of ECM 
associations. Seven proteins (classified as ectomycorrhizins) related to symbiosis 
formation have been shown to be present in root tissues within hours of exposure of 
E. globulus roots to P. tinctorius, before any visible signs of root colonisation 
(Hilbert et al., 1991). 
 P. tinctorius mycelium has been shown to be attracted to various compounds in E. 
globulus root exudates including the favonol rutin and cytokinin zeatin, which 
stimulate the mycelium to branch and grow towards the root zone thus increasing the 
probability of contact between the ECM fungus and host root (Gogala, 1991, 
Beguiristain et al ., 1995, Lagrange et al., 2001, Smith and Read, 2008). In addition, 
hypaphorine and indole-3-acetic acid (IAA) secreted by the fungus has been shown 
to slow root hair elongation and stimulate the formation of short roots suitable for 
colonisation (Martin et al., 2001). After contact between P. microcarpus and E. 
globulus fungal genes for C metabolism are activated (glycolysis, tricarboxylic acid 
cycle, amino acid biosynthesis, hormone metabolism and proteins involved in signal 
transduction pathways) while the eucalypt host responds with defence proteins to 
limit the incursion of the fungal mycelium of the Hartig net and to produce water 
stress proteins to stimulate the fungal partner to transfer water to the tree for the 
growing roots (Duplessis et al., 2005). These biochemical signals passing between 
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root and ECM fungus function as a method of control by which non pathogenic 
potential partners are recognised and allowed to continue to form an interface. The 
connection between plant cell walls is weakened during this stage and the hydraulic 
pressure of the colonising mycelium is used to penetrate between the root cell walls 
and form the Hartig net between the epidermal cells. This hydraulic pressure is 
accumulated by an osmotic gradient in the hyphal cell (Duplessis et al., 2005).  
 
1.6.5 Nutrient and carbon exchange in ECM associations 
Once the mycelium of a germinated spore has colonised the short roots of the host, 
continued transfer of carbohydrates, water and mineral nutrients proceed through the 
fungal plant interface, within the Hartig net (Smith and Read, 2008). Therefore, the 
Hartig net acts as the biochemical interface between fungus and plant and the sheath 
or mantle acts as an immediate storage facility for nutrients coming from the 
extraradical mycelium (and intended for the host) and also for carbohydrates coming 
from the host (and intended for the extraradical mycelium) (Nehls, 2008, Smith and 
Read, 2008). The hyphal tip has thin walls enabling nutrients to be transported across 
the plasma membrane into the cytoplasm for further biochemical adjustments before 
translocation to the rest of the mycelium, mantle and ultimately the plant host. The 
energy required for this process is provided by the host in the form of carbohydrates 
(Finlay, 2008).  
ECM fungi require the production of host encoded invertases, located in the 
membrane of the host cell, to hydrolyse sucrose into glucose and fructose (Schaeffer 
et al., 1995). Glucose appears to be the preferred C substrate of ECM fungi and is 
transported via hexose transporters into the fungal hyphae after which the glucose is 
used to synthesise glycogen and trehalose storage molecules (Lewis and Harley, 
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1965a,b,c, Smith and Read, 2008). The host root cells also appear to have the 
capability to transport the hexoses into their own cells by means of active systems 
(Grunze et al., 2004). This appears to be a mechanism whereby the host may control 
the extent of the symbiosis, starving the mycobiont when they are no longer 
required, as in high fertiliser application or if the fungi is deemed by the host to be 
parasitic (Nehls, 2008). Therefore the relationship is maintained as a balance 
between the needs of the host and the demands of the ECM fungal partner.   
Phosphorus compounds in the soil can be accessed by ECM fungal hyphae when 
organic acids and other chelating compounds are exuded at the hyphal tips to 
dissolve the mineral, thereby mobilising them for use. Within fungal hyphae, 
orthophosphates can be synthesised into polyphosphates for storage in vacuoles 
which can be actively transported along the mycelial network against the diffusion 
flow towards the host (Smith and Read, 2008). It has been suggested that the 
vacuoles may form a network within the mycelium, connected by microtubules 
(Darrah et al., 2006). When phosphate reaches the mantle it is stored and released 
slowly, translocated across the interface of the Hartig net, regulated by the 
orthophosphate concentration in the cytoplasm and governed by Michaelis – Menton 
kinetics (Van Tichelen and Colpaert, 2000). 
Similarly, N is accessed by the extraradical mycelium at the growing tips usually as 
ammonium, nitrates, nitrites and amino acids found as pockets within soil 
(Clemmensen et al., 2008, Smith and Read, 2008). These are assimilated through N 
transporters within the cell membrane and converted to glutamine by the glutamine 
synthetase (GS) pathway or to glutamate by the glutamate dehydrogenase (GDH) 
pathway for translocation to the host and mycelial network (Javelle et al., 2003, 
Chalot et al., 2006). N has been detected in transport vesicles and storage vacuoles 
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with phosphorus and it may also be co-transported along the active mycelial network 
(collated from various original sources by Smith and Read, 2008). At the ECM 
fungal host interface N compounds are translocated across the interface into the host 
cells. Traditionally, this was thought to be via glutamine transporters and the GS 
pathway, however, it has been suggested that ammonium and ammonia may also be 
transported across the interface under conditions of C depletion (Hampp et al., 1999, 
Selle et al., 2005).  
The ability of individual ECM fungal species to access and transport phosphorus, N 
and other nutrients is highly variable both between different ECM species 
(interspecific variation) and between multiple isolates of the same species 
(intraspecific variation) (Anderson et al., 1999, Van Tichelen and Colpaert, 2000, 
Smith and Read, 2008). Culture experiments of three Australian Pisolithus species 
indicated that there are variations between individual isolates in their biomass 
accumulation in response to different N sources (Anderson et al., 1999). In another 
study, 14 out of 17 ECM fungal species increased biomass with increasing C:N ratio 
while the remaining 3 ECM species decreased demonstrating how different ECM 
species can respond differently to identical growing conditions (Fransson et al., 
2007b).  
 
 
1.7 Effects of climate change parameters on eucalypts and ECM fungi. 
 
1.7.1 Elevated atmospheric [CO2] 
Elevated atmospheric [CO2] has been shown to induce a greater allocation of C from 
the host plant to their ECM fungal symbionts resulting in greater fungal metabolic 
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activity (Parrent and Vilgalys, 2009). Elevated atmospheric [CO2] has been shown to 
increase ECM fungal biomass production (Ineichen et al., 1995, Rouhier and Read, 
1998, Fransson et al., 2005) and alter ECM community structure (Rygiewicz et al., 
2000, Fransson et al., 2001, Compant et al., 2010) (Table 1.2).  
Root colonisation by ECM fungi has generally been shown to increase significantly 
under elevated atmospheric [CO2] (Walker et al., 1998a, 1998b, Garcia et al., 2008). 
Pisolithus tinctorius, has been shown to increase root colonisation of Pinus 
ponderosa by 300% (Ineichen et al., 1995) and Pinus palustris by 200% (Runion et 
al., 1997) when exposed to elevated atmospheric [CO2]. It has also been 
demonstrated that exposure to elevated atmospheric [CO2] tends to favour an 
increase in colonisation rates of ECM species that produce rhizomorphs and 
emanating mycelium (Godbold and Berntson, 1997a) although other studies found 
no increase in the number of colonised roots of host exposed to elevated atmospheric 
[CO2] (Lewis et al., 1994). Other recent studies have been able to demonstrate that 
colonisation rates do not always increase when atmospheric [CO2] is increased with 
the ECM fungal colonisation by Pisolithus sp. with E. grandis (Plett et al., 2015).  
The longevity of the mycorrhizal root tips were not affected by atmospheric [CO2] 
(Rygiewicz et al., 1997).  
In general, ECM fungal biomass has been found to increase under elevated 
atmospheric [CO2] (Lukac et al., 2003, Pumpanen et al., 2009) although responses 
have also been shown to be species (Rouhier and Read, 1998, Fransson et al., 2007b) 
and soil type (Wiemken et al., 2001a, 2001b) dependent.  
Variation between ECM species in their response to C availability in pure culture has 
also been observed (Baar et al., 1997, Fransson et al., 2007b) although increased C 
availability tends to result in increased growth when N is not limiting (Eaton and 
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Ayres, 2002). When Pinus taeda were exposed to 600 ppm [CO2] for five years in a 
free air CO2 enrichment study, both ECM rhizomorph production and rhizomorph 
turnover increased in the deeper soil (although this depended on the diameter of the 
rhizomorph) while in shallower soil rhizomorph turnover was increased (Pritchard et 
al., 2008). The production of Pisolithus tinctorius mycelium has been shown to 
increase by 200% when host Pinus sylvestris is exposed to elevated atmospheric 
[CO2] (Ineichen et al., 1995) although no significant increase was observed when the 
host was Pinus ponderosa (Walker et al., 1998a) suggesting the response of P. 
tinctorius was host species dependent. 
Microcosm experiments involving seedlings (most commonly Pinus sylvestris and 
Betula pendula) colonised by ECM fungi and exposed to elevated atmospheric [CO2] 
have reported a similar increase in ECM fungal biomass particularly when nutrients 
are not limited (Rouhier and Read, 1999, Fransson et al., 2005). For example, 
mycelial biomass of Hebeloma crustuliniforme was found to increase by 300% 
(Fransson et al., 2005) while an increase in mycelial spread of > 400% has been 
observed for Paxillus involutus (Rouhier and Read, 1998), 200% for Suillus bovinus 
(Rouhier and Read, 1998), and 30% for Paxillus involutus (Rouhier and Read, 
1999). In contrast, Piloderma croceum, Cenococcum geophilum and Suillus sp. 
showed no overall increase in biomass when host Pinus sylvestris was exposed to 
elevated atmospheric [CO2], although there were seasonal increases and decreases 
(Markkola et al., 1996). In addition, no biomass increase response was observed for 
Laccaria bicolor to elevated atmospheric [CO2] (Gorissen and Kuyper, 2000).  
These studies demonstrate the variability in the responses of different ECM fungal 
species to elevated atmospheric [CO2]. 
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Table 1.2  Examples of ECM fungal responses to elevated atmospheric [CO2] 
adapted from Compant et al., 2010. 
Parameter 
measured 
Target 
organism/s 
Host 
 
Observed 
response 
Reference 
Fungal 
colonisation 
    
 Pisolithus 
tinctorius 
Pinus 
ponderosa 
No change in 
mycorrhizal 
colonisation 
(Lewis et al., 
1994); (Walker et 
al., 1995a)  
 Pisolithus 
tinctorius 
Pinus 
ponderosa 
Mycorrhizal 
development 
increased after 1 
year treatment 
(Walker et al., 
1995a); (Walker 
et al., 1995b); 
(Walker et al., 
1998a) 
 Pisolithus 
tinctorius 
Pinus 
ponderosa 
Increased 
mycorrhizal 
colonisation 
(Ineichen et al., 
1995) 
 Pisolithus 
tinctorius 
Pinus 
teada 
Temporary 
increase in 
colonisation 
(Lewis et al., 
1994) 
 various Pinus 
echinata 
Increased 
colonisation 
(Norby et al., 
1987) 
 various  Increased 
colonisation 
(Garcia et al., 
2008) 
 various  Increased 
colonisation 
(Tingey et al., 
1997) 
 communities Betula 
papyrifera, 
Pinus 
strobus 
Increased 
colonisation 
(Godbold et al., 
1997b) 
 communities Tsuga 
canadensis 
No increase in 
colonisation 
(Godbold et al., 
1997b) 
 communities Pinus 
palustris 
Increased 
colonisation 
(Runion et al., 
1997) 
Fungal 
Biomass 
    
 Hebeloma 
crustuliniforme, 
Paxillus 
involutus 
Pinus 
sylvestris 
Mycelium 
biomass increased 
(Fransson et al., 
2005) 
 Pisolithus 
tinctorius 
Pinus 
ponderosa 
Increased 
mycelium 
biomass 
(Ineichen et al., 
1995) 
 Pisolithus 
arhizus, 
Paxillus 
involutus, 
Suillus bovinus 
Pinus 
sylvestris 
Increase 
mycelium 
biomass 
(Ineichen et al., 
1995); (Rouhier 
and Read, 1998) 
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In general, ECM fungal respiration has also been shown to increase under elevated 
atmospheric [CO2] (Gorissen and Kuyper, 2000, Alberton et al., 2010, Lin et al., 
2001) although responses differ between different species (Gorissen and Kuyper, 
2000, Fransson et al., 2007a). Laccaria bicolour has been shown to increase 
respiration under Pinus sylvestris (Gorissen and Kuyper, 2000) as well as S. vaccinii 
(Alberton et al., 2010). In contrast, Suillus bovinus  (Gorissen and Kuyper, 2000) 
 Cenococcum 
geophilum, 
Suillus sp. 
Pinus 
sylvestris 
No increase in 
fungal biomass 
(Markkola et al., 
1996) 
 communities  Increased 
extraradical 
mycelia and 
rhizomorphs 
(Rouhier and 
Read, 1998); 
(Parrent et al., 
2006); (Courty et 
al., 2010) 
 communities Betula 
papyrifera 
Increased 
mycelium and 
rhizomorphs 
(Godbold et al., 
1997b)  
Respiration     
 Laccaria 
bicolor 
Pinus 
sylvestris 
Increased 
belowground 
respiration 
(Gorissen and 
Kuyper, 2000) 
Fungal 
diversity 
    
 various  Shift in 
composition and 
abundance in 
community 
structure  
(Rygiewicz et al., 
2000); (Fransson 
et al., 2001); 
(Courty et al., 
2010) 
Plant     
 Suillus bovinus Pinus 
sylvestris 
Seedlings 
increased carbon 
uptake 
(Gorissen and 
Kuyper, 2000) 
 Laccaria 
laccata 
Quercus 
robur 
Increased plant 
growth and 
sulphate supply 
(Seegmuller and 
Rennenberg, 
1994); 
(Seegmüller et 
al., 1996)  
 Pisolithus 
tinctorius 
Pinus 
ponderosa 
Increased plant 
growth 
(Ineichen et al., 
1995) 
 communities Pinus 
palustris 
Increased fine 
root length 
(Runion et al., 
1997) 
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along with P. involutus, P. fallax, L. bicolor, P. byssinum and R. roseolus (Fransson 
et al., 2007a) have either shown no response or a decrease in respiration in response 
to elevated atmospheric [CO2] when in symbiosis with Pinus sylvestris.  
It has been shown that ECM fungal diversity increases under elevated atmospheric 
[CO2] (Rygiewicz et al., 2000) although this may be due to a change in the 
dominance of individual ECM fungal species rather than a change in species richness 
(Fransson et al., 2001). There is a tendency for rhizomorph forming ECM species to 
become dominant (Godbold and Berntson, 1997a, Godbold et al., 1997b). Those 
species shown to have increased in dominance and abundance include Cenococcum 
sp. (Rygiewicz et al., 2000); Amphinema sp. and Tomentelloid (Fransson et al., 
2001); Cortinarius sp. and Lactarius sp. (Fransson et al., 2001, Parrent et al., 2006); 
Tylospora B and Tylospora D (Parrent and Vilgalys, 2007); Russula B (Parrent et 
al., 2006, Parrent and Vilgalys, 2007); Lactarius D, Lactarius hepaticus, Lactarius 
paradoxus, Cortinarius F and Thelephoroid 22 (Parrent et al., 2006) while the 
abundance of numerous other species have been shown to either decrease (Fransson 
et al., 2001, Parrent et al., 2006, Parrent and Vilgalys, 2007) or remain stable 
(Rygiewicz et al., 2000, Fransson et al., 2001, Parrent et al., 2006, Parrent and 
Vilgalys, 2007). 
In general, when host plants in symbiosis with ECM fungi are exposed to elevated 
atmospheric [CO2], there is an increase in stem, canopy and root biomass (Ineichen 
et al., 1995, Walker et al., 1995a, Tingey et al., 1997, Rouhier and Read, 1998, 
Walker et al., 1998a, Garcia et al., 2008, Liu et al., 2010). These responses however, 
have been shown to be dependent upon both the host and the species of ECM fungus 
colonising the host root system. For example, there was an increase in Pinus 
sylvestris biomass when in symbiosis with the ECM fungi Paxillus involutus and 
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Suillus bovinus (Rouhier and Read, 1998) after exposure to elevated atmospheric 
[CO2] while no response was observed when Paxillus involutus was in symbiosis 
with Betula pendula (Rouhier and Read, 1999). 
When in symbiosis with Pinus sylvestris, Suillus bovinus was shown to induce an 
increase in C allocation to the roots, while L. bicolor increased N and C uptake into 
the shoots (Gorissen and Kuyper, 2000). Laccaria laccata has been reported to 
increase Quercus robur nutrient uptake under elevated atmospheric [CO2] conditions 
while sulphate was increased in the shoots and reduced in the roots (Seegmüller et 
al., 1996) and the host biomass increased (Seegmüller and Rennenberg, 1994). 
Hebeloma cylindrosporum, increased the photosynthetic rate of Pinus sylvestris 
under elevated atmospheric [CO2] to a greater degree than  Suillus bovinus and it was 
found that elevated atmospheric [CO2] induced the symbiosis to become more 
efficient (Lewis and Strain, 1996).  
Other host plant responses to ECM colonisation include a change in the composition 
of root exudates. It was found that roots of Pinus sylvestris, when colonised by either 
Amanita muscaria, Hebeloma velutipes, Paxillus involutus, Piloderma byssinum, 
Piloderma fallax, Rhizopogon roseolus, Suillus bovinus or Suillus variegatus, 
increased production of low molecular weight organic compounds by 120% to 
160%; amino acids by 250%; dissolved monosaccharides by 130% to 270% and 
dissolved organic carbon by 180% to 220% (Johansson et al., 2009).   
 
 
1.7.2 Temperature  
In Australia, the predictions are for an increase in land temperatures due to global 
warming (Australian Bureau of Meteorology, 2008, 2010) and ECM fungi are 
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known to respond to temperature increases including changes to fruiting seasons 
(Gange et al., 2007). Examples of the main ECM fungal responses to elevated 
temperature are summarised in Table 1.3. 
ECM fungal colonisation has been found to increase with increasing temperature 
(Swaty et al., 1998, Clemmensen et al., 2006) although the response has also been 
shown to be influenced by soil moisture (Swaty et al., 1998) or N fertilisation 
(Clemmensen et al., 2006). Australian ECM fungi have been shown to survive fire 
events and even increased their fungal biomass straight after fire events 
demonstrating a degree of tolerance for higher environmental temperatures (Claridge 
et al., 2009).  
In general, increasing soil temperature increases soil respiration, at least in the short 
term (Lin et al., 2001, Tingey et al., 2006, Bradford et al., 2008) and the two have 
been shown to be positively correlated with each other (Sierra et al., 2009). This 
induces a feedback where increased amounts of CO2 are released back into the 
atmosphere (Tingey et al., 2007). This effect has been shown to be modified over 
time by changes in microbial community structure and increasing the dominance of 
those species that are better able to withstand heat stress (French et al., 2009). 
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Table 1.3 Examples of ECM fungal responses to elevated temperature adapted 
from Compant et al., 2010. 
 
 
Elevated temperatures (4°C above ambient) appear to affect the abundance of ECM 
fungi rather than alter their community structure, with subdominant species 
(Cenococcum spp.) becoming more abundant over time, whilst the dominant species 
(Rhizopogon spp.) became less abundant (Rygiewicz et al., 2000).  
Piloderma fallax colonising Picea abies increased its respiration by up to 500% 
when exposed to elevated temperature (4.9°C, 10.1°C, 15°C and 20.2°C) (Koch et 
Parameter 
measured 
Target organism/s Host Observed 
response 
Reference 
Fungal 
colonisation 
    
 Communities Pinus 
edulis 
Increased 
colonisation 
(Swaty et al., 
1998) 
 Communities Betula 
nana 
Increased 
colonisation 
(Clemmensen 
et al., 2006) 
Fungal 
biomass 
    
 Communities Betula 
nana 
No change in 
biomass 
(Clemmensen 
et al., 2006) 
Respiration Cenococcum 
geophilum, Suillus 
intermedius, Lactarius 
pubescens 
 Reduced 
respiration 
(Malcolm et 
al., 2008) 
     
Fungal 
diversity 
    
 Communities  Some 
morphotypes 
negatively 
affected 
Change in 
community 
diversity and 
structure 
(Rygiewicz et 
al., 2000) 
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al., 2007) although, Suillus intermedius, Cenococcum geophilum and Lactarius 
pubescens, in culture, have been found to reduce respiration with increasing 
temperatures (11°C, 17°C and 23°C) and have shown the ability to adjust their 
metabolism to higher temperatures (Malcolm et al., 2008). 
All of the above mentioned studies investigating the effects of elevated atmospheric 
[CO2] and temperature on ECM fungi have targeted northern hemisphere temperate, 
subtropical and tropical forests. While there is information on the response of tree 
hosts such as eucalypts to climate change factors (Warburton and Schulze, 2008, 
Wolendorp et al., 2008, Ghannoum et al., 2010a, 2010b, Kaul et al., 2010) there is 
little information on the below-ground responses of Australian forest ecosystem 
ECM fungi to climate change. 
To re-iterate, the key aims of the research presented in this thesis were: 
1) To collect, isolate and identify a range of Australian Pisolithus spp. and 
maintain them in axenic culture. 
2) To investigate the growth response of Pisolithus sp. to increasing C:N ratios 
in axenic culture. 
3) To investigate the responses of Pisolithus sp. in symbiosis with Eucalyptus 
globulus seedlings to ambient and elevated atmospheric CO2 concentrations 
in laboratory microcosms. 
4) To investigate the effects of elevated atmospheric CO2 concentrations and 
temperature on ectomycorrhizal fungal communities associated with E. 
globulus in climate controlled whole tree chambers. 
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CHAPTER TWO 
Establishment of a collection of Australian Pisolithus sp. isolates. 
 
2.1 Introduction    
Mycorrhizal fungi form symbiotic relationships with most plant species where both 
plant and fungal partners benefit (Smith and Read, 2008). Approximately 5,000 
ECM fungal species have been identified in the temperate regions of the world 
(Richard et al., 2005) and there are at least 700 ECM fungal species endemic to 
Australia (Brundrett, 2008); many of which are the principle mycorrhizal symbionts 
of Australian eucalypts (although some eucalypts are capable of forming both ECM 
and AM associations). ECM fungi are thus important components of the soil 
microbiota within eucalypt forests. 
ECM fungi incorporate carbon (C) obtained from their host into their hyphae while 
exploring the soil for nutrients, especially nitrogen and phosphorus, which are 
translocated to the plant host through the Hartig net; the symbiotic interface. 
Eucalypts and ECM fungi are selective in their colonising affinities, with individual 
ECM species compatible with only particular eucalypt hosts (Xu et al ., 2001, Smith 
and Read, 2008). These ECM fungi that have been shown to be associated with 
eucalypts are numerous (Table 1.1, Chapter 1) but one of the most widely observed 
genera is Pisolithus (Hilbert et al., 1991, Thomson et al., 1994, Burgess and Dell, 
1996a, Burgess et al., 1996b, Diaz et al., 1997, Lu et al., 1999, Howard et al., 2000, 
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Lagrange et al., 2001, Peter et al., 2003, Duplessis et al., 2005, Chen et al., 2007a). 
It has been determined from plantation and field studies in Australia, and in China 
(Chen et al ., 2007a) there are at least three species known to form ECM associations 
with eucalypts; P. albus, P. marmoratus and P. microcarpus. These three species 
have been collected in the greater Sydney region along the coast and into the 
Cumberland Plain west of Sydney (Anderson et al., 1998, 1999, 2001c, Martin et al., 
2002) with P. microcarpus being the most common. Two additional species have 
also been found to exist in eastern and western Australian eucalypt forest ecosystems 
based on DNA ITS sequences although they are yet to be formally described (Martin 
et al., 2002). Although P. marmoratus is noted in the Australian Fungimap there is 
no corresponding DNA ITS sequences for this species within the NCBI database. 
Pisolithus sp. are readily identifiable in the field due to their large, distinctive 
sporocarps and can be isolated into axenic culture with relative ease (Anderson et al., 
1999). These attributes, along with their ability to readily colonise eucalypt hosts, 
make Pisolithus sp. ideal for downstream laboratory experimentation. Sporocarps of 
P. albus, P. marmoratus, and P. microcarpus have similar gross morphological 
traits; therefore identification of these species relies on the use of molecular 
methods. The fungal ITS region is the most widely used target region for molecular 
identification of ECM fungi (including Pisolithus sp.) (Schoch et al., 2012) and this 
region has been used to understand the phylogeny of species within the Pisolithus 
genus (Hitchcock et al., 2011, Martin et al., 2002). 
The aim of the work presented in this chapter was to form a pure culture collection 
of Australian Pisolithus fungal isolates collected from different environmental and  
geographical locations in south east NSW. The key driver for the establishment of 
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the axenic Pisolithus culture collection was for use in future controlled laboratory 
experimentation (Chapters 3 and 4).   
 
 
2.2 Materials and methods 
2.2.1 Collection of Pisolithus sp. sporocarps 
Permission was obtained from NSW National Parks (scientific licence number 
S13146) and private landholders to collect mature, fresh Pisolithus sp. sporocarps 
from various locations (Figure 2.1). Care was taken to avoid collecting multiple 
sporocarps from within close proximity to one another to limit the possibility of 
collecting multiple sporocarps from the same individual (i.e. genet) and to enhance 
the probability of genetic variation between specimens. Each Pisolithus sp. 
sporocarp collected was successfully isolated onto axenic culture plates. 
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Figure 2.1 Collection sites of Pisolithus sp. sporocarps in NSW, Australia 
(source: courtesy of Google Earth, Data SIO, NOAA, U.S. Navy, NGA, GEBCO, 
Image Landsat). 
 
Tissue samples were taken from the stipe of each sporocarp and placed onto 
modified Melin Norkrans (MMN) agar plates containing the following: 3.78 mM 
(NH4)2PO4; 2.2 mM H2KPO4; 0.568 mM MgSO4  7H2O; 55.5 mM C6H12O6; 0.45 
mM CaCl2; 0.428 mM NaCl; 0.0167 mM ZnSO4; 0.004 mM Thiamine; 0.065 mM 
citric acid/ 0.0362 mM Fe EDTA in a 1.3% agar solution at a pH between 5.0 - 5.5. 
Antibiotics and anti fungal additives were added to each plate as follows: 1.57% 
tetracycline HCl, 1% gentamycin sulphate and 0.67% benomyl filtered though 
Millex GP 0.22 µm Millipore Express PES membrane. All plates were incubated at 
room temperature in the dark (adapted from Anderson et al., 1999).  
20 km 
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Sub sampling from the growing edge of the fungal colony extending out from the 
stipe tissue was performed at one week intervals until axenic cultures free from any 
contaminating bacteria or fungi were obtained. All cultures were maintained on 
MMN agar plates (without antibiotics or anti-fungal additives) in a dark incubator at 
25ºC with continuous subculturing at 8 to 12 week intervals with between 8 and 16 
replicates of each isolate. Physical characteristics including growth rate (Table 2.2) 
and mycelial form (Table 2.2, Appendix A) were noted and photographs were taken 
of each isolate (Figure 2.2, Appendix A). 
 
2.2.2 Pisolithus sp. isolate identification  
DNA was extracted from fresh mycelium of each Pisolithus isolate using the 
DNeasy Plant Mini kit (QIAGEN, Chadstone, VIC, and Australia) following the 
manufacturer’s protocol. PCR reactions were performed on a BIO-RAD Dyad 
Disciple Peltier Thermal Cycler using a 50 µL reaction volume containing ca 20 ng 
DNA, 5X buffer (50 mM KCl, 10 mM Tris-HCl, 0.1% Triton X -100), 50 pmol 
dATP, dCTP, dTTP and dGTP (Promega corp., Wisconsin, USA), 2.5 mM MgCl2 
(Promega corp., Wisconsin, USA), 10 pmol each of the fungal primers ITS1F and 
ITS4B (Gardes and Bruns, 1993) and 1.25 units GoTaq DNA polymerase (Promega 
corp., Wisconsin, USA). PCR amplification was performed with an initial 
denaturation step of 94ºC for five minutes, followed by 35 cycles of 94ºC for 30 s, 
55ºC for 30 s and 72ºC for one minute, with a final extension step of 72ºC for 5 
minutes and 12ºC for infinity (Anderson et al., 2001c). PCR results were confirmed 
with 2% gel electrophoresis in TBE x 1 buffer using ethidium bromide staining and 
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illumination under UV light on the Geldoc XR system (Bio-rad laboratories, 
California, USA).  
ITS PCR products were purified using the UltraClean 96 well PCR Clean-Up Kit 
(MO-BIO Laboratories, Carlsbad. CA., USA), following the manufacturer’s 
instructions and the purified PCR products were sent to Macrogen Inc. (Seoul, 
Korea) for sequencing using the primers ITS1F and ITS4B. ITS sequences were 
analysed using Sequencher version 4.10.1 (Gene Codes Corporation, Michigan, and 
USA). In order to determine the closest sequence matches in the GenBank database, 
the aligned consensus ITS sequences were analysed using BLASTN 2.2 (Altschul et 
al., 1997). The GenBank results are summarised in Table 2.2. These results were 
verified by distance tree analysis using the GenBank site utility. All ITS sequences 
are detailed in Appendix B. In addition, a phylogenetic analysis was conducted using 
(1) ITS sequences for each Pisolithus isolate, (2) database ITS sequences 
representing the major clades of the Pisolithus phylogeny (Martin et al., 2002) and 
(3) ITS sequences for Suillus luteus and Paxillus involutus which were included as 
outgroup taxa in the analysis. No of Pisolithus marmoratus ITS sequences were 
available in the GenBank database for comparison. 
All sequences were aligned using Clustal Omega (Sievers et al., 2011) and a 
phylogenetic analysis performed using MEGA6 (Tamura et al., 2013) with the 
Neighbour-Joining method (Saitou and Nei, 1987) and 500 bootstrap replicates. 
Evolutionary distances were computed using the Tajima-Nei algorithm (Tajima and 
Nei, 1984).  
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2.3 Results and Discussion 
2.3.1 Pisolithus collection 
A total of 46 Pisolithus sp. sporocarps were collected and successfully isolated into 
axenic culture (Table 2.1). Figure 2.2 shows three examples of Pisolithus specimens 
while Appendix A contains photographs of all the Pisolithus sp. sporocarps collected 
and their corresponding axenic culture. There was substantial variation in sporocarp 
morphological characteristics and in the growth form of the mycelial cultures arising 
from these sporocarps.   
Differences between the observed hyphal growth traits of the isolates were measured 
and described in Table 2.2. Although specimens were collected from different 
habitats, there was no discernible relationship with their observed traits. The P. albus 
and P. microcarpus isolates were collected from sites ranging from sea level 
altitudes to 1082 m with some exposed to salt spray but most were found inland in 
sandy bush soils. In the P. albus collection, hyphal growth rates were was measured 
over a 12 week period and the isolates ranged in growth rate from 0.0196 mm h
-1 
to 
0.0757 mm h
-1
 on MMN culture plates. In appearance, the hyphal growth either 
spread out to cover the plate evenly or clumped into a dense ball in the centre of the 
plate. The cultures also displayed different colours from brown to cream to orange 
and, with the exception of Meg 11; they all exuded unidentified coloured compounds 
into the growth media. In the P. microcarpus collection, the hyphal growth rates of 
the isolates was 0.0165 mm h
-1
 to 0.086 mm h
-1
, from dense to lightly packed 
hyphae, with SI 11 and SI 13 exuding bright yellow compounds into the culture 
medium. The colours of the cultures ranged from orange and yellow to beige and 
cream. Some cultures exhibited brown streaking of thickened hyphae which may 
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possibly indicate the presence of rhizomorph development. Isolate R 01 was 
collected near the coast with a growth rate of 0.0619 mm h
-1 
and displaying hyphal 
growth of a dense white mat covering the culture plate by the 12
th
 week. This isolate 
was closely related to P. microcarpus but was found to be more closely related to 
unidentified species 10 from Martin et al, (2002) in the phylogenetic analysis and 
therefore remains unidentified.  
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Specimen Be 01 – Pisolithus albus 
 
    
 
 
 
Figure 2. 2 Sample specimens of Pisolithus sp. sporocarps (a) and resulting 
axenic cultures in 9 cm plates (b) from the collection. Scale bars = 1cm.  
(b) 
Specimen G 02 – Pisolithus microcarpus 
 (b) 
Specimen R 01 – species 10 
 
(b) 
(a) 
(a) 
(a) 
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Table 2.1 Pisolithus isolate collection including sampling location and ITS sequence accession code 
Isolate code 
&  
accession 
number 
Closest Genbank 
match (similarity) 
Species* 
 
Pisolithus 
Collection location & environment Geographical 
coordinates 
R 01 
(KF683347) 
AF374646 (98%)  (species 10) Royal National Park, NSW (near beach, altitude = 14m) 34 08 15.0s; 
151 06 48.3e 
R 02 
(KF683348) 
AM084706.1 (88%) P. microcarpus Royal National Park, NSW (near roadside, altitude = 50m) 34 08 19.4s; 
151 05 44.7e 
R 04 
(KF683349) 
AF374704 (99%) P. microcarpus  Royal National Park, NSW (near roadside, altitude = 50m) 34 08 19.7s; 
151 05 44.1e 
R 05 
(KF683350) 
AF374704 (97%) P. microcarpus Royal National Park, NSW (near roadside, altitude = 50m) 34 08 19.7s; 
151 05 30.5e 
R 06 
(KF683351) 
HQ693100.1 (99%) P. microcarpus Royal National Park, NSW (near roadside, altitude = 50m) 34 08 20.0s; 
151 05 31.1e 
R 07 
(KF683352) 
AM084706.1 (89%) P. microcarpus Royal National Park, NSW (near roadside, altitude = 50m) 34 08 18.7s; 
151 05 26.3e 
R 10 
(KF683353) 
AM08706.1 (98%) 
 
P. microcarpus 
 
Royal National Park, NSW (near roadside, altitude = 50m) 34 08 17.9s; 
151 05 23.3e 
WIL 01 
(KF683354) 
AF374704 (99%) P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 44.4s; 
150 48 38.3e 
WIL 02 
(KF683355) 
U62666 (98%) 
 
P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 44.4s; 
150 48 38.3e 
WIL 03 
(KF683356) 
AM084706.1 (94%) P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 43.5s; 
150 48 38.4e 
WIL 04 
(KF683357) 
 
U62666 (98%) 
 
P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 43.5s; 
150 48 38.4e 
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WIL 05 
(KF683358) 
AF374704 (99%) P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 43.1s; 
150 48 39.1e 
WIL 06 
(KF683359) 
AF374704 (98%) P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 43.1s; 
150 48 38.9e 
WIL 07 
(KF683360) 
AF374704 (99%) P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 43.1s; 
150 48 39.0e 
WIL 08 
(KF683361) 
U62666 (98%) P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 43.1s; 
150 48 38.9e 
WIL 09 
(KF683362) 
AM084706.1 (87%) P. microcarpus Nth Wilberforce, NSW (near roadside, rural/urban, altitude = 15m) 33 30 44.4 s; 
150 48  38.9 e 
WIL 10 
(KF683343) 
AM947119.1 (96%) P. albus Nth Wilberforce, NSW (off road, rural/urban, altitude = 15m) 33 30 43.9s; 
150 48 38.1e 
WIL 11 
(KF683363) 
AF374704 (98%) P. microcarpus Nth Wilberforce, NSW (off road, rural/urban, altitude = 15m) 33 30 43.1s; 
150 48 38.8e 
WIL 12 
(KF683364) 
U62666 (98%) P. microcarpus Nth Wilberforce, NSW (off road, rural/urban, altitude = 15m) 33 30 42.9s; 
150 48 39.1e 
MW 01 
(KF683365) 
AF374704 (98%) P. microcarpus Mount Wilson, NSW (in bushland, altitude = 1028m) 33 32 33.6s; 
150 20 40.8e 
MW 03 
(KF683366) 
KC881088.1 (99%) 
 
P. microcarpus 
 
Mount Wilson, NSW (in bushland, altitude = 1028m) 33 32 15.3s; 
150 20 46.3e 
G 01 
(KF683367) 
AF374704 (98%) P. microcarpus Glenbrook, Blue Mountains, NSW (in bushland, altitude = 180 m) 33 47 47.1s; 
150 36 27.5e 
G 02 
(KF683368) 
HQ693100.1 (93%) P. microcarpus Glenbrook, Blue Mountains, NSW (in bushland, altitude = 180 m) 33 46 56.1s; 
150 37 06e 
G 03 
(KF683369) 
AM084706.1 (80%) P. microcarpus Glenbrook, Blue Mountains, NSW (in bushland, altitude = 180 m) 33 47 37.3s; 
150 36 40.7e 
G 04 
(KF683370) 
AF374704 (98%) P. microcarpus Glenbrook, Blue Mountains, NSW (in bushland, altitude = 180 m) 33 47 37.4s; 
150 36 41.1e 
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G 05 
(KF683371) 
AF374704 (98%) P. microcarpus Glenbrook, Blue Mountains, NSW (in bushland, altitude = 180 m) 33 47 36.6s; 
150 36 48.2e 
G 07 
(KF683372) 
AF374704 (99%) P. microcarpus Glenbrook, Blue Mountains, NSW (in bushland, altitude = 236 m) 33 47 36.6s; 
150 36 49.0e 
G 08 
(KF683373) 
U62666 (99%) P. microcarpus Glenbrook, Blue Mountains, NSW (in bushland, altitude = 165 m) 33 47 24.6s; 
150 37 40.3e 
SI 01 
(KF683341) 
FJ874752.1 (99%) P. albus Sussex Inlet, NSW (off road, near coast, altitude = 5m) 35 10 09.6s; 
150 34 50.7e 
SI 02 
(KF683374) 
U62666 (98%) P. microcarpus Cudmirrah, NSW (in bushland at edge of lake, altitude = 13m) 35 11 46.2s; 
150 33 21.1e 
SI 03 
(KF683375) 
KC881088.1 (98%) P. microcarpus Cudmirrah, NSW (in bushland, old sand dune, altitude = 19m) 35 11 29.9s; 
150 32 20.4e 
SI 04 
(KF683376) 
KC881088.1 (97%) P. microcarpus Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.2s; 
150 31 39.3e 
SI 05 
(KF683377) 
KC881088.1 (99%) P. microcarpus Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.3s; 
150 31 38.9e 
SI 06 
(KF683378) 
KC881088.1 (94%) P. microcarpus Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.4s; 
150 31 38.9e 
SI 07 
(KF683379) 
KC881088.1 (99%) P. microcarpus Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.4s; 
150 31 38.7e 
SI 08 
(KF683380) 
KC881088.1 (98%) P. microcarpus Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.4s; 
150 31 38.8e 
SI 09 
(KF683381) 
AF374704 (99%) P. microcarpus Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.7s; 
150 31 38.8e 
SI 10 
(KF683382) 
KC881088.1 (99%) 
 
P. microcarpus 
 
Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.3s; 
150 31 38.6e 
SI 11 
(KF683383) 
 
AM084706.1 (99%) P. microcarpus Conjola National Park, NSW (in bushland, old sand dune, altitude = 
44m) 
35 10 14.1s; 
150 31 38.6e 
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SI 12 
(KF683384) 
KC881088.1 (99%) P. microcarpus Conjola National Park, NSW (Off roadside, altitude = 44m) 35 10 14.0s; 
150 31 38.1e 
SI 13 
(KF683385) 
KC881088.1 
(100%) 
P. microcarpus Conjola National Park, NSW (Off roadside, altitude = 44m) 35 10 13.6s; 
150 31 38.3e 
SI 14 
(KF683386) 
AM084706.1 (94%) 
 
P. microcarpus 
 
Conjola National Park, NSW (Off roadside, altitude = 44m) 35 10 14.8s; 
150 31 39.1e 
Be 01 
(KF683342) 
AF374638 (98%) 
 
P. albus 
 
Berambing, NSW (off roadside , rural urban, altitude = 783m) 33 32 22.3s; 
150 27 09.7e 
Meg 07 
(KF683344) 
FJ874754.1 (99%) P .albus Megalong Valley, NSW (off road in bush, altitude = 640m) 33 41 46.5s; 
150 14 52.4e 
Meg 11 
(KF683345) 
FJ874752.1 (99%) P. albus Megalong Valley, NSW (off road in bush, altitude = 640m) 33 41 45.7s; 
150 14 52.5e 
Meg 12 
(KF683346) 
FJ874754.1 (98%) P. albus Megalong Valley, NSW (off road in bush, altitude = 640m) 33 41 45.9s; 
150 14 52.5e 
 
*Identified using both closest match in GenBank and the phylogenetic analysis (see Figure 2.3 below). Species number 10 (R 01) refers 
to specimen designated as such in Martin et al. (2002).  
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Table 2.2 Hyphal traits of the Pisolithus isolates in axenic culture 
Pisolithus 
Species 
Isolate Hyphal growth traits Hyphal growth 
rate  (mm h
-1
) 
mean ± s.e. 
P. microcarpus R 02 light mat, beige changing to off 
white 
0.070 ± 0.004 
 R 04 light mat, yellow 0.059 ± 0.001 
 R 05 light mat, beige 0.062 ± 0.002 
 R 06 dense ball or mat, orange 0.045 ± 0.001 
 R 07 light mat, beige 0.072 ± 0.002 
 R 10 light mat, beige with brown 
streaks 
0.078 ± 0.003 
 WIL 01 light mat, beige 0.046 ± 0.002 
 WIL 02 dense ball or mat, yellow 
orange with brown exudates 
0.043 ± 0.001 
 WIL 03 light mat, beige 0.024 ± 0.002 
 WIL 04 light mat, yellow 0.029 ± 0.011 
 WIL 05 dense ball or mat, beige 0.057 ± 0.006 
 WIL 06 dense ball or mat, beige with 
brown streaks 
0.037 ± 0.003 
 WIL 07 light mat, beige 0.053 ± 0.002 
 WIL 08 medium mat, yellow 0.054 ± 0.001 
 WIL 09 dense mat orange, yellow 
exudates 
0.067 ± 0.005 
 WIL 11 light mat, beige 0.036 ± 0* 
 WIL 12 light mat, beige 0.037 ± 0.007 
 MW 01 light mat, beige 0.086 ± 0.003 
 MW 03 dense ball or mat, beige 0.084 ± 0.002 
 G 01 light mat, yellow 0.087 ± 0.003 
 G 02 light mat, beige 0.079 ± 0.005 
 G 03 light mat, yellow 0.065 ± 0.003 
 G 04 light mat, yellow 0.081 ± 0.002 
 G 05 light mat, yellow 0.074 ± 0.003 
 G 07 dense ball or mat, orange or 
beige 
0.040 ± 0.001 
 G 08 light mat, yellow 0.071 ± 0.002 
 SI 02 medium mat, brown 0.055 ± 0.003 
 SI 03 medium mat, orange 0.082 ± 0.003 
 SI 04 dense ball or mat, orange 0.016 ± 0.003 
 SI 05 light mat, beige or medium 
mat, orange 
0.067 ± 0.005 
 SI 06 medium mat, beige with brown 
streaks 
0.017 ± 0.001 
 SI 07 medium mat, orange 0.050 ± 0.007 
 SI 08 medium mat, orange 0.036 ± 0.001 
 SI 09 light mat, orange or beige 0.069 ± 0.005 
 
 
SI 10 light mat, beige 0.071± 0.006 
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 SI 11 medium mat, orange with 
yellow exudates 
0.056 ± 0.002 
 SI 12 medium mat, orange 0.060 ± 0.009 
 SI 13 medium mat, orange with 
yellow exudates 
0.044 ± 0.002 
 SI 14 dense ball or mat, 
orange/brown 
0.053 ± 0.005 
    
P. albus WIL 10 dense brown ball with exudates 0.009 ± 0.002 
 SI 01 dense ball or mat, orange with 
brown exudates 
0.028± 0.003 
 Be 01 dense mat, dark orange brown 0.024 ± 0.001 
 Meg 07 dense mat, dark orange with 
exudates 
0.074 ± 0.004 
 Meg 11 dense ball or mat, yellow 
brown or cream 
0.020 ± 0.001 
 Meg 12 dense mat, yellow brown to 
orange with exudates 
0.076 ± 0.003 
    
 Species 10 # R 01 Dense ball or mat, 
yellow/orange changing to off 
white 
0.06 ± 0.006 
*only one culture plate was available during observation period. 
# Species number refers to the designation given in Martin et al. (2002). 
 
2.3.2 Isolate identification 
Amplification of the ITS region by PCR followed by gel electrophoresis resulted in a 
single ITS product per isolate (Figure 2.3). The ITS products were between 600 and 
800 bp in size. A phylogenetic analysis of all Pisolithus ITS sequences generated in 
this study was performed with ITS sequences for Pisolithus available in the 
GenBank database. All the ITS FASTA sequences from this study are in Appendix 
B. The ITS sequences of isolates identified as P. microcarpus or P. albus nested 
within those recorded by Martin et al. (2002) as P. microcarpus or P. albus 
respectively but were distinct from the remaining Pisolithus sp. from the Martin et 
al. (2002) study which were of non Australian heritage (Figure 2.4).  
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The exception was isolate R 01, which was on a separate branch from the P. 
microcarpus sequences. The branch was distinct from the P. microcarpus species 
and closely related to species 10, sourced from Western Australia and Queensland, 
from the Martin et al. (2002) study (Figure 2.4 blue). All isolates from the current 
Pisolithus collection clusters within the lineage B section of the phylogenetic tree 
generated by Martin et al. (2002) consisting of species 7, 8, 9 and 10 that are of 
Australian heritage. 
 
 
Figure 2.3 Labelled gel image of ITS PCR products of selected Pisolithus spp. 
M indicates marker (Hyperladder 1).  
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Figure 2.4 Phylogenetic tree indicating relationships between the Pisolithus 
isolates from this study with representative GenBank sequences from Martin et al. 
(2002). All isolates in this study are most closely related to either P. microcarpus, 
(green) P. albus, (red), or Pisolithus species 10, (blue). 
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In conclusion, these 46 isolates represent three different Pisolithus species. These 
isolates were subsequently used in further experiments outlined in the following 
chapters. These included (1) investigating the effectiveness of individual isolates in 
utilising increasing amounts of carbon (Chapter 3) and (2) investigating the ability of 
Australian Pisolithus isolates to carbon storage in soils and explore the productivity 
of their eucalypt host (Chapter 4).   
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CHAPTER THREE 
Response of ECM Pisolithus spp. to increasing carbon availability in 
axenic culture. 
 
3.1 Introduction 
Elevated atmospheric CO2 concentrations, ([CO2]) have generally been observed to 
result in higher rates of plant photosynthesis (Ainsworth and Long, 2005), 
particularly in C3 plants (i.e. Eucalyptus sp.) (Curlevski et al., 2014). Net 
photosynthesis under elevated atmospheric [CO2] is likely to stimulate production of 
the above-ground vegetative growth, resulting in increased biomass and have a direct 
effect on carbon (C) fluxes from the above-ground compartment into the soil. Under 
current ambient atmospheric [CO2], it is estimated that up to 50% of the total 
assimilated C may be released into the soil (Kuzyakov and Domanski, 2000). Of 
this, half is subsequently found in the roots and about one third as CO2 released from 
the soil by root respiration and microbial utilisation of root borne organic substances. 
The remaining part of below-ground translocated C is incorporated into the soil 
organisms as increased biomass and soil organic matter (Kuzyakov and Domanski, 
2000, Nehls et al., 2010). Under elevated atmospheric [CO2], C input to soil is 
generally expected to increase due to improved plant carbohydrate status 
(Barron‐Gafford et al., 2005, Pumpanen et al., 2012), even if there is no significant 
CO2 stimulation of above-ground growth (Körner and Arnone, 1992). The quantity 
and quality of C substances actively released into the rhizosphere are known to 
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influence the structure and function of ectomycorrhizal (ECM) fungal communities 
(Smith and Read, 2008, Pritchard, 2011). It is therefore, likely that changes in 
rhizodeposition in response to increased atmospheric [CO2] will also have an impact 
on ECM communities (Curlevski et al., 2014). 
Under increased atmospheric [CO2] the soil C storage will be greater in ecosystems 
dominated by ECM fungi than those dominated by AM fungi (Orwin et al., 2011). 
Using global data sets, Averill et al., (2014) showed that soil in ecosystems 
dominated by ECM-associated plants contains 70% more C per unit N than soil in 
ecosystems dominated by AM-associated plants. The effect of mycorrhizal type on 
soil C is independent of, and of far greater consequence than, the effects of net 
primary production, temperature, precipitation and soil clay content. The findings by 
Averill and colleagues (2014) linked the functional traits of mycorrhizal fungi to C 
storage at ecosystem-to-global scales, suggesting that plant-decomposer competition 
for nutrients exerts a fundamental control over the terrestrial C cycle (Averill et al., 
2014). Therefore, the effect of mycorrhizal type on soil C carrying capacity holds at 
the global scale. 
To determine the response of ECM fungi to elevated [CO2], several studies have 
used laboratory controlled culture experiments aimed to gain insights into the ECM 
fungal responses to different C and N concentrations (Baar et al., 1997), (Eaton and 
Ayres, 2002), (Fransson et al., 2007b). These responses have been found to be 
variable within single ECM fungal species, indicating intra- as well as inter-species 
variations in ECM fungal response to N (Anderson et al., 1999) and C and N (Daza 
et al., 2006). Results from these controlled culture experiments have also been found 
to be consistent with results from field based research (Hobbie, 2006). 
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To gain further insight into the effects that increased C deposition in soils may have 
on ECM fungal physiology, the impact that increased gradient concentrations of C 
had on several Pisolithus sp. cultures was analysed. The aim of this study was to 
determine which Pisolithus isolates from the collection (Chapter 2) respond to 
increased C availability by increasing their mycelial biomass. 
 
3.2 Materials and Methods 
3.2.2 Pisolithus sp. cultures and experimental design 
Pisolithus sp. cultures were maintained as outlined in Chapter 2. Nineteen of these 
isolates (16 isolates of P. microcarpus, 2 isolates of P. albus and 1 isolate of 
Pisolithus sp. 10) were chosen based on their different environmental origins 
(coastal, valley farmland, sand dune and mountain). These isolates were subcultured 
onto MMN nutrient agar, with C:N ratio of 40:1 as described in Chapter 2. They 
were kept at 20°C in the dark for 7 days before treatments began to enable the fungi 
to be actively growing before the treatment started. Subsequently, two mycelial 
plugs with diameter 0.5 cm were transferred to Petri dishes containing 25 ml of the 
liquid media (with C:N ratios of 10:1, 20:1 or 40:1 as per Anderson et al. (1999)) 
and placed into an incubation chamber at 20°C without light for up to 28 days. Five 
replicates for each isolate were included and ammonium nitrate was used as the N 
source (Anderson et al., 1999). 
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3.2.3 Analyses 
At harvest, the fungal biomass was oven dried at 80°C for 24h and the dried biomass 
was weighed. The mean dry weight of equivalent starting mycelial plugs was 
subtracted and results adjusted for the total number of incubation hours, giving a 
growth rate unit of µg h
-1
. Growth media were decanted and frozen at -80°C until 
analysis of residual C and N.  
Residual C and N concentrations in growth media were determined using Shimadsu 
TOC-L CSH with a TNM-L module attached (Shimadsu corporation, Kyoto, Japan). 
Samples of each initial medium (i.e. 10:1, 20:1, 40:1) were retained for internal 
controls during chemical analysis. Final C and N results were calculated by the 
equations: 
C (N) residue = C (N) reading X (C (N) internal standard /. C (N) initial media standard) 
This resulted in the C (N) concentration in the media residue. The amount of C (N) 
taken up by the fungus was calculated by the equation: 
C (N) uptake = C (N) initial – C (N) residue. This value was expressed as mg L
-1
. 
Isolate growth rate as well as C and N uptake were analysed using analysis of 
variance  Analyses were carried out according to the split-plot design as described by 
Filion et al. (2000). The error terms to test for interactions between C and N and 
isolates were based on the mean square of the interaction between the treatments 
(Filion et al., 2000). Analyses were performed using Genstat 16.2 (VSN 
International Limited, Rothamsted, UK). Normality was tested with Shapiro-Wilks 
test and by variance homogeneity using the Levene’s test. When data failed to satisfy 
one of these tests, an appropriate transformation was applied (log or square-root 
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transformation). Tukey’s honest significant difference (HSD) test and the modified 
version for unequal sample size (Unequal N HSD) were used for post hoc 
comparisons with a 0.05 grouping baseline. 
 
3.3 Results 
3.3.1 Fungal biomass  
Overall the mycelial biomass of the combined isolates was not significantly affected 
by the increasing C:N ratios (10:1, 20:1 and 40:1), due to high variation between 
replicates for each isolate (Table 3.1, Figure 3.1). However, three different trends 
were identified between treatments.
 
Trend 1: Isolates R 01, SI 03, SI 07, R 06, SI 02, G 04, WIL 08, and SI 05 decreased 
their growth response with increasing C availability (Table 3.1, Figure 3.1). Isolate R 
01 and SI 03 had the highest variability within their replicates, nonetheless, there 
were no experimental circumstances or known anomalies that would permit the 
exclusion of these results as outliers. 
Trend 2: At C:N ratio 40:1 isolates WIL 09, G 07, G 01, Meg 12, SI 09, MW 03 and 
Meg 07 increased their growth response with increasing C availability (Table 3.1, 
Figure 3.1) ranging from 125.14 µg h
-1
 (G 07) to 30.14 µg h
-1
 (Meg 12). 
Trend 3: Isolate R 05 and R 10 increased their growth rate at a C:N ratio of 20:1 and 
decreased their growth rate at a C:N ratio of 40:1, while, isolates SI 12 and SI 14 
displayed the reverse response, decreasing their growth rate at a C:N ratio of 20:1.  
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R 06, WIL 08, WIL 09, G 01, G 07, SI 09, SI 14, Meg 07 and Meg 12 were 
significantly different between treatments (P < 0.01). 
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Table 3.1 Fungal biomass response (µg h
-1
) and ANOVA multiple comparison 
of fungal biomass grown at different concentrations of glucose and ratio of C and N. 
Only those results that were statistically significant are presented. Letters indicate 
Tukey HSD and UHSD significance at α = 0.05 between treatments. 
Glucose (g L
-1
) 2.50 5.00 10.00 
C:N 10:1 20:1 40:1 
Isolate Mean ± se Mean ± se Mean ± se 
DECREASE    
Pisolithus sp. 10    
R 01 441.93 
a 
 ± 235.81
 
145.76 
a 
± 53.78
 
106.04 
a
 ± 7.15
 
P. microcarpus    
SI 03 245.16 
a 
± 199.89
 
63.47 
a 
± 11.21
 
53.81 
a 
± 3.74
 
SI 07 73.56 
a 
± 42.34
 
44.11 
a 
± 4.13
 
16.58 
a 
± 1.32
 
R 06 49.89 
a 
 ± 3.61
 
20.88 
b 
± 5.33
 
23.21 
b 
± 6.90
 
SI 02 44.73 
a 
± 6.59
 
45.37 
a 
± 10.17
 
22.08 
a 
± 2.90 
G 04 38.95 
a 
± 10.77
 
11.69 
b 
± 1.84
 
13.00 
b 
± 0.90
 
WIL 08 29.39 
a 
 ± 2.32
 
11.67 
b 
± 1.74
 
3.75 
b 
± 2.59
 
SI 05 45.79 
a 
± 15.26
 
35.44 
a 
± 8.70
 
19.42 
a 
± 2.85
 
INCREASE 
   
P. microcarpus    
WIL 09 64.95 
a 
± 1.06
 
74.55 
a 
± 2.87
 
117.54 
b 
± 5.97
 
G 07 42.52 
a 
± 1.74
 
55.57 
b 
± 5.28
 
125.14 
c 
± 4.03
 
G 01 32.24 
a 
± 2.39
 
36.60 
a 
± 5.94
 
55.52 
b 
± 4.56
 
SI 09 14.66 
a 
± 2.48
 
31.81 
b 
± 1.55
 
33.93 
b 
± 1.65
 
MW 03 15.84 
a
 ± 4.56 23.40 
b 
± 1.59 25.71 
b
 ± 3.33 
SI 14 29.00 
a 
± 1.62 19.49 
a  
± 5.41 49.10 
b  
 ± 2.69 
P. albus    
Meg 12 22.32 
a 
± 4.226
 
30.07 
b 
± 2.88
 
47.21 
b 
± 3.761
 
Meg 07 8.995 
a 
± 4.397
 
22.87 
b
± 4.256
 
30.14 
b
± 3.592
 
STEADY    
P. microcarpus    
R 05 14.2 
a
  ± 11.28 39.43 
a 
± 3.47 12.65 
a  
± 4.81 
R 10 32.85 
a 
 ± 2.09
 
68.80 
a 
± 29.14
 
38.13 
a  
± 7.13
 
SI 12 39.67 
a 
± 4.61
 
35.37 
a  
± 5.75
 
49.57 
a  
± 9.434
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Figure 3.1 Growth trends for selected isolates (a) WIL 08 decreasing, (P < 0.01) 
(b) G 07, increasing (P < 0.01) and (c) R 05 steady at C:N ratio 10:1 (black), C:N 
ratio 20:1 (grey) and C:N ratio 40:1 (white).  
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3.3.2 Chemical analysis 
3.3.2.1 Uptake of C from the residue media 
The uptake of total C from the media residue ranged from 2.3% to 95%, (Table 3.2, 
Figure 3.2) with mean uptakes ranging from 41.7% (10:1) to 38.8% (20:1) and 
20.5% (40:1). Eleven isolates (R 01, R 10, WIL 09, Meg 12, G 01, G 07, SI 01, SI 
03, SI 09, SI 12 and SI 14) were found to have significantly different rates of C 
uptake between different C:N ratio treatments (P < 0.01). 
The isolates R 01, R 10, G 01, SI 02, SI 03, SI 07 and SI 09 had the highest C uptake 
at C:N of 20:1, while WIL 09, G 07 and SI 14 used more C with greater C 
availability (i.e. C:N 40:1 treatment). 
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Table 3.2 Pisolithus isolate C uptake (mg L
-1
). ANOVA multiple comparison of 
fungal C uptake at different concentrations of glucose and ratio of C and N. Only 
those results that were statistically significant are presented. Letters indicate Tukey 
HSD and UHSD significance at α = 0.05 between treatments. 
Glucose (g L
-1
) 2.50 5.00 10.00 
C:N 10:1 20:1 40:1 
Isolate Mean ± se Mean ± se Mean ± se 
SIGNIFICANT 
 
   
Pisolithus sp. 10    
R 01 762.5 
a 
± 52.10 1830 
b 
± 111.6 1853 
b 
± 131.3 
P. microcarpus    
R 10 505 
a 
± 6.043 838.7 
b 
± 134.5 778.1 
b 
± 81.00 
WIL 09 953.3 
a 
± 3.883 1770 
b 
± 89.95 2786 
c 
± 194 
G 01 349.9 
a 
± 42.30 709.2 
b 
± 57.62 759.4 
b 
± 2.419 
G 07 784.9 
a 
± 33.26 1154 
b 
± 186.2 2864 
c 
± 105.7 
SI 03 648.4 
a 
± 42.78 1320 
b 
± 36.37 835.8 
c 
± 10.86 
SI 09 228.0 
a 
± 11.20 731.3 
b 
± 153.7 541.5 
b 
± 43.94 
SI 12 438.2 
a 
± 27.80 788 
b 
± 63.12 638.9 
b 
± 52.63 
SI 14 506 
a 
± 7.043 304.1 
b 
± 82.95 1004 
c 
± 40.71 
P. albus    
Meg 12 262.4 
a 
± 48.73 529.9 
b 
± 86.12 561.7 
b 
± 137.4 
SI 01 119.3 
a 
± 15.81 452.3 
b 
± 135.1 322.1 
b 
± 23.72 
NOT 
SIGNIFICANT 
 
   
P. microcarpus    
SI 02 536.4 
a 
± 14.40 734.1 
a 
± 140.5 571.9 
a 
± 87.18 
SI 07 314.8 
a 
± 19.61 799 
b 
± 118.2 265.8 
a 
± 102.8 
R 06 671 
a 
± 14.21 408 
a 
± 311.8 320.6 
a 
± 46.60 
WIL 08 217.8 
a 
± 25.27 226.4 
a 
± 132.7 92.2 
a 
± 20.98 
MW 03 161.9 
a 
± 97.80 262.1 
a 
± 58.12 277.5 
a 
± 38.50 
G 04 407.6 
a 
± 73.08 278 
a 
± 120.5 172.7 
a 
± 18.88 
P. albus    
Meg 07 69.7 
a 
± 33.79 673.7  
a  
± 297.48  339.3 
a 
± 10.07 
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Figure 3.2 Total amount of C utilised for growth and respiration by each Pisolithus isolate. Asterisk indicates significant differences between 
treatments (P < 0.01). 
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Plots were generated comparing fungal biomass growth rate and total C uptake 
(Figures 3.3 and 3.4). Isolates R 01 and SI 03 returned outlying values for the growth 
rate response. When these values were included the trend line for the regression was 
R
2
 = 0.15 (Figure 3.3) compared to the underlying trend of the remaining 17 isolates 
which generated R
2
 = 0.75 (Figure 3.4).  
 
Figure 3.3 Partial regression plot using all isolate replicate growth rate and C 
uptake.  
 
Figure 3.4 Partial regression plot of growth rate and C uptake using all replicates 
except R 01 and SI 03. P < 0.001. 
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3.3.2.2  N uptake of media residue 
R 01, R 10, WIL 09, G 01, G 04, G 07, SI 02 and SI 03were significantly different 
between treatments (P < 0.01). R 10, WIL 09, G 01 and G 07 increased N uptake 
with increasing C availability. SI 02, SI 03 and R 01, increased N uptake between 
10:1 and 20:1 treatments only and G 04 decreased N uptake between these same 
treatments (Table 3.3, Figure 3.5). 
 
Table 3.3 Pisolithus isolate N usage (mg L
-1
). Letters indicate Tukey HSD and 
UHSD significance at α = 0.05 between treatments.  
Glucose (g L
-1
) 2.50 5.00 10.00 
C : N 10:1 20:1 40:1 
Isolate Mean ± se Mean ± se Mean ± se 
    
INCREASE 
 
   
R 10 37.92 
a 
± 1.2 43.58 
a 
± 5.54 63.00 
b 
± 0.18 
WIL 09 61.88 
a 
± 3.75 74.67 
a 
± 1.99 99.36 
c 
± 0.07 
G 01 26.71 
a 
± 3.57 35.97 
a 
± 2.40 44.62 
b 
± 0.32 
G 07 45.1 
a
 ± 1.12 68.49 
b 
± 10.23 99.47 
c 
± 0.53 
INCREASE AT 20:1    
SI 02 10.79 
a 
± 1.93 38.08 
b 
± 5.96 31.10 
b 
± 1.53 
SI 03 27.51 
a 
± 6.18 80.78 
b 
± 2.33 57.07 
c 
± 2.06 
R 01 44.27 
a 
 ± 3.54 95.52 
b 
± 3.69 87.65 
b 
± 0.37 
DECREASE     
G 04 33.69 
a 
± 5.4 8.71 
b 
± 6.45 14.65 
b 
± 1.47 
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Figure 3.5 Total N uptake from media residue utilised by Pisolithus sp. isolates 
for growth. Asterisk indicates significant differences (P < 0.01) between treatments 
for each isolate.  
 
Total N uptake from the media ranged from 8.7% to 99.47% with mean total N 
uptakes of 35.9% in treatment C:N 10:1, 38.54% in treatment C:N 20:1 and 39.02% 
in treatment C:N 40:1 (Figures 3.6 and 3.7). 
N uptake generally increased with increased biomass production as expected. 
Percentage N uptake varied between isolates in all treatments. In C:N 10:1 treatment, 
N uptake ranged from 10.8% to 61.9%; in treatment C:N 20:1 N uptake ranged from 
8.7% to 95.5% and in treatment C:N 40:1 N uptake ranged from 14.6% to 99.5%. 
WIL 09 and G 07 isolates used most of the available N in treatment C:N 40:1 and the 
N uptake of their three treatments are reflected in their increased fungal biomass. 
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Figure 3.6 Partial regression plot of growth rate and total N uptake. P <  0.001. 
 
 
 
Figure 3.7 Partial regression plot of growth rate and N uptake using all isolate 
replicates except R 01 and SI 03.P < 0.001. 
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3.3.2.3 Relationship between total C and N uptake of media residue. 
Including isolates R 01 and SI 03, the relationship between the total C and total N 
uptakes has a linear trend (R
2
 = 0.8213), with increasing N uptake with increasing C 
uptake (Figure 3.8) whilst excluding these isolates the linear trend was R
2
 = 0.8367 
(Figure 3.9). 
 
Figure 3.8 Partial regression plot of C and N uptake using all isolate replicates. 
 P < 0.001  
 
Figure 3.9 Partial regression plot of C and N uptake using all isolate replicates 
except R 01 and SI 03. P < 0.001. 
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There was a linear relationship between the amount of total C removed from the 
medium (as fungal biomass or respiration) and the amount of total N lost from the 
medium (R
2
 = 0.8213), indicating that with increasing C utilisation there was a 
corresponding increase in N uptake by the fungal isolate. There was no significant 
difference in the relationship between increasing C utilisation and the increase in N 
uptake for R 01 and SI 03 and the remainder of the isolates, even though these two 
isolates had outlying responses as indicated in the previous graphs. 
Summarising the interactive responses observed, isolates WIL 09, G 07 and G 01 
increased their growth rate, C uptake and N uptake with increasing C availability. 
Conversely, isolates G 04, decreased its growth rate, C uptake and N uptake with 
increasing C availability. Isolate R 10 did not change growth rate or C uptake but 
increased N uptake with increasing C availability and isolate R 01 decreased its 
growth rate, but increased its C uptake and increased its N uptake between 10:1 to 
20:1 treatments. Isolate SI 02 decreased its growth rate with increasing C availability 
and increased C and N uptake between 10:1 and 20:1 treatments. Isolate SI 03 
decreased its growth rate with increasing C availability, significantly increased C and 
N uptake between 10:1 and 20:1, and significantly decreased its C and N uptake at 
treatment 40:1. 
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3.4 Discussion  
Nutrient levels in forest soils are constantly fluctuating, which strongly affects soil 
microbial community organisation and their interaction with plants (Smyth et al., 
2009, Jeffries et al., 2010, Jentsch et al., 2011, Franklin et al., 2014). Drought 
changes the dominance of functional types of soil microbes (Jentsch et al., 2011), 
soil microbe community abundance decreases in winter (Jefferies et al., 2010) and 
the soil microbial community changes in response to natural and human disturbances 
(Smyth et al., 2009).  
Recent studies have highlighted the role of ECM fungi in nutrient feedback 
mechanisms that ensure a stable relationship with host plants colonised by 
mycorrhizal fungi at the ecosystem level (Jentsch et al., 2011, Franklin et al., 2014). 
In these studies, individual plants alter their mycorrhizal fungal associations based 
on the availability and ratio of C:N within the soil. As soil N declines, the roots alter 
their symbiosis mechanism with the fungal partner, reducing the number of 
colonised roots and thereby, the amount of new C allocated into soils (Franklin et al., 
2014).  
It is currently unknown how different isolates of Pisolithus sp., one of the main 
ECM partners of eucalypts, respond to different nutrient availability scenarios. To 
address this, The growth response and nutrient uptake of 19 isolates chosen from P. 
microcarpus (SI 03, SI 07, R 06, SI 02, G 04, WIL 08, SI 05, WIL 09, G 07, G 01, 
SI 09, MW 03, R 05, R 10, SI 12 and SI 14) and P. albus (Meg 07 and Meg 12) and 
Pisolithus sp.10 (R 01) at different C:N ratios were tested under laboratory 
conditions. It was found that Pisolithus isolated from diverse geographical locations 
displayed a wide range of C and N uptake capabilities. The growth rate of each 
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isolate was the best predictor of nutrient uptake ability from a liquid medium. This 
nutrient uptake efficiency was independent of collection location, species and 
phylogenetic relationship to other Pisolithus species. 
Pisolithus taxa have the ability to produce extra-radical mycelium and extensive 
rhizomorphic extensions (Agerer, 2001) which traverse large distances in soil and 
deeper horizons. Therefore, a single Pisolithus isolate found colonising a host 
eucalypt may be capable of taking up a large amount of C from its host as well as N 
from organic matter and plant exudates. Without direct testing, it is currently 
impossible to predict the ability of a specific Pisolithus isolate to transport C and N. 
The results demonstrate that the strongest predictive tool for estimating nutrient 
uptake is fungal growth rate, not the geographical location where it was originally 
isolated nor its phylogenetic grouping (Table 3.1, Figure 3.1). Fungal growth rate 
and C uptake were plotted with a linear relationship with increasing C availability 
resulting in a corresponding increase in fungal biomass. Fungal growth rate and N 
uptake showed a similar significant linear relationship. For example, isolates WIL 09 
and G 07 consumed the greatest amount of N, with corresponding high C uptake and 
growth rate (Figures 3.4 and 3.7). Interestingly, isolates R 01 and SI 03 were outliers 
in the regression plot of C uptake and growth rate (Figure 3.3 and also in the N 
uptake and growth rate regression (Figure 3.6). However, these two isolates were not 
outliers in the C uptake/N uptake regression plot suggesting that although these two 
isolates were taking up both C and N from the culture media, they were not effective 
in converting the C and N taken up in biomass. The ability of ECM fungi to increase 
growth rate, and the C:N ratio that best suits the ECM fungi to increase growth rate, 
is species and isolate dependent (Fransson et al., 2007b, Gao et al., 2007). In 
Fransson (2007b), the different mycorrhizal fungi used in the experiment were 
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variable in their responses to increasing carbon availability and the results were 
species-specific. 
In a meta-analysis of field data from experiments with elevated atmospheric [CO2], 
high fungal biomass increase occurred with a corresponding high C uptake by the 
fungi (Alberton et al., 2005) and high soil C was found to increase in the ability of 
ECM fungal hyphae to access N and become a positive feedback to fertilisation of 
the soil. Alberton (2005) concluded that higher C availability generally resulted in an 
increase in mycorrhizal fungal biomass but that this was greatly influenced by the 
host plant Increases in C from root C exudation, which has been found to stimulate 
the production of extracellular enzymes and increase soil-N cycling, also stimulate 
the increase in mycorrhizal fungal biomass,  (Brzostek et al., 2013). There appears to 
be a relationship between increased C availability and soil-N translocated though the 
Hartig net in symbiosis with host roots or accessed by the hyphae from external 
(soil) sources (Chalot et al., 2006). Studies which have investigated mycelial growth 
in forest soils have found that the highest amount of mycorrhizal mycelial biomass 
increase occurs at a C:N ratio of 20:1 (Wallander et al., 2003) while the mycorrhizal 
fungal biomass was found to have increase with increasing C and N (Alberton et al., 
2005, Itoo and Reshi, 2014).  
As a general rule, Pisolithus fungal biomass in this study also increased in relation to 
C availability up to a C:N ratio of 40:1. These responses mirror those of “nitrophilic” 
ECM fungal species (Lilleskov et al., 2002) where both C and N can be limiting 
factors in the growth of fungal mycelium (Eaton and Ayres, 2002). There were, 
however, isolates within this present study where fungal biomass decreased with 
increasing C availability. These latter results correspond to previous work which 
found that ECM fungal growth was species-specific in some cases with some fungal 
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isolates becoming more efficient at converting C into fungal biomass with increasing 
C availability (Fransson et al., 2005).In Fransson (2007b) this same result was also 
found to be variable between the species tested and within isolates from the same 
species.  
Therefore, these results, as with the uptake results, support the concept that the 
variation of response to increasing C availability found within Australian Pisolithus 
spp supports the findings of experimentation carried out on Northern Hemisphere 
ECM species. ECM fungal isolates, predicted to be ‘close’ based either on 
geographic or phylogenetic distances, may display distinct phenotypic responses to 
environmental growth conditions and host interactions. 
 
 
3.5 Conclusion 
The use of Pisolithus sp. to store, utilise C, provide other soil microorganisms with C 
from decayed mycelial material and  provide C to plants that may share a common 
mycelial network (e.g. acacia and other eucalypts) would have effects upon the 
eucalypts dominated forests of Australia. As previously noted, an increase in the 
presence of C.in the soil has been shown to increase the ease of N cycling, and this 
would be useful in forest management practices. In this study,  isolates of Australian 
Pisolithus spp. have shown responses to increased C with inter- and intra-specific 
variation. The isolates responded differently in their growth rates and C and N 
uptakes with increasing C:N ratios. There are limitations to the inferences that can be 
drawn from these results as they were obtained in a controlled laboratory 
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environment without a host plant or interactions with other soil biota. They do, 
however, provide guidance for testing the response of culturable ECM fungal species 
to the increased C availability which is likely to be the case under elevated 
atmospheric [CO2]. This would  therefore be useful in the assessment of suitable 
isolates for colonisation of host plants for further climate change research (Gorissen 
and Kuyper, 2000). The most notable isolate variability was R 01 (Pisolithus species 
10, Chapter 2). Responses of this isolate indicated a wide range of biomass changes 
between its replicates, with three of the five replicates displaying high biomass in the 
C:N 10:1 medium compared to the higher C treatments. Further investigation using 
fresh samples collected from the same site and identification, using morphological 
characteristics and ITS DNA sequencing, of this species would be warranted. This 
isolate displayed responses similar to those found by Fransson et al. (2002) where 
high growth rate at lower C availability corresponded to lower growth rates at higher 
C availability and this isolate appears not to be responsive to increasing C 
availability. 
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CHAPTER FOUR 
Responses of Pisolithus albus and P. microcarpus in symbiosis with 
Eucalyptus globulus seedlings to ambient and elevated atmospheric 
[CO2] 
 
4.1 Introduction 
Conservative estimates concerning the impact of climate change to Australia are an 
increase in the atmospheric CO2 concentration ([CO2]), to 700 ppm by 2050 and an 
increase over 1990 baseline land surface temperatures of 4ºC (IPCC, 2014). As CO2 
is a potent greenhouse gas, land surface warming may potentially be mitigated 
through the capture and sequestration of atmospheric CO2. One avenue of CO2 
sequestration under investigation is how to capitalise on the flow of C through plants 
into the soil. Soil C may account for as much as 70% of the land C sink locked into 
substrates such as plant tissues, root exudates or in microbial biomass (IPPC, 2014, 
(Averill et al., 2014). The long term success of C sequestration into the soil depends 
on its residence time within different soil horizons. While soil warming leads to an 
increase in soil respiration and release of C back into the atmosphere (Pendall et al., 
2004, Karhu et al., 2014), some plants associated with mycorrhizal fungi are able to 
capture plant produced C and lock it into the longer term pools (Lambers et al., 
2009).  
Australian eucalypts are one of the plant hosts with long lifespans, (with some 
individuals surviving hundreds of years) that have various mutualistic 
ectomycorrhizal (ECM) fungi within their root system. Common ECM symbionts of 
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eucalypts include species within the Pisolithus genus with Pisolithus microcarpus 
and P. albus being the two most common species in the state of New South Wales, 
Australia (Anderson et al., 1999, Martin et al., 2002). Both of these species have 
extensive mycelial systems and thus have the potential to convert significant 
amounts of glucose derived from the eucalypt host into dense vegetative mycelia 
biomass in soil (Smith and Read, 2008). 
The ability of different ECM fungal species to utilise plant sourced C varies from 
one species to another. Typically this C is allocated to hyphal growth, respiration or 
to exudation, depending on N availability (Gorissen and Kuyper, 2000, Fransson et 
al., 2007b, Johansson et al., 2009). Fransson et al. (2007a), using surface sterilised 
seeds of Pinus sylvestris inoculated with various species of ECM fungi endemic to 
Europe, found that there was an increase in the amount of C allocated to the fungal 
mycelium at elevated [CO2]. This was coupled with an increase in fungal biomass 
and an increase in the below ground respiration rate. However, this study also 
showed that there were significant differences in the response of different species 
and between isolates of the same species. Under increased [CO2] in a Free Air CO2 
Enrichment experiment, a 14% increase in the number roots colonised by ECM fungi 
was observed (Garcia et al., 2008). If insufficient nutrients are made available to the 
host plant by an ECM fungus, then export of C compounds to the fungal partner are 
typically found to be reduced (Grunze et al., 2004, Nehls, 2008). Conversely, there is 
also evidence that the flow of plant derived C compounds is maintained into the 
mycorrhizal partner when shading reduces the photosynthetic activity of the host 
plant. The maintenance of this C flow to the ECM symbionts resulted in a reduction 
in above-ground biomass accumulation (Bahn et al., 2013, Stonor et al., 2014, 
Zheng et al., 2014).  
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In some ECM symbioses, up to 1/3 of plant photo-assimilates can be transferred to 
the fungal partner (Nehls, 2008). The creation of such a strong sink is directly related 
to the efficiency of fungal hexose uptake at the plant/fungus interface and the export 
of carbohydrates towards hyphae extending out from the colonised root into the 
surrounding soil (Lei and Dexheimer, 1988, Cairney et al., 1989, Nehls et al., 2001b, 
Nehls et al., 2007, Finlay, 2008.  
This chapter investigates the hypothesis that colonisation of E. globulus seedlings by 
either P. microcarpus or P. albus will result in greater production of plant biomass 
and increased secretion of C compounds into the soil substrate at both ambient and 
elevated [CO2] treatment. 
 
 
4.2 Materials and Methods 
4.2.1 Microcosm preparation 
Microcosms were established using a protocol adapted from Fransson et al. (2007a). 
Seeds of Eucalyptus globulus ssp. globulus (seedlot 18724) were obtained from the 
Australian Tree Seed Centre, CSIRO Plant Industry (Black Mountain, Acton ACT, 
Australia). They were collected from 22 parent trees at Moogara, southern Tasmania, 
Australia 42º 48’s, 149º 53’e, altitude 540 m. These seeds were surface sterilised for 
20 min in 33% H2O2, rinsed in sterile water and transferred aseptically to 1% water 
agar plates, sealed with Parafilm M (Beamis Company Inc., Neenah, WI) and kept at 
a 70º angle in a dark incubation cabinet at 25ºC for 4 days before transfer to 12 h 
day/night incubation cabinet at 25ºC for a further 5 weeks. Seedlings were removed 
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aseptically from germination plates and placed onto half strength MMN plates with 
1.3% agar (formulation of MMN described in Chapter 2) and inoculated with an agar 
plug of actively growing mycelium of either P. microcarpus or P. albus isolates 
(Chapter 2 of this study) onto the lower root structure. There were six P. albus 
isolates, (Be 01, WIL 10, SI 01, Meg 07, Meg 11 and Meg 12) and six P. 
microcarpus isolates (WIL 01, G 08, R 02, SI 09, SI 12 and MW 01) used as 
inoculants. These were chosen from the Pisolithus isolate collection because: (a) 
there were only six P. albus in the collection, therefore all were included and (b) 
results from the liquid culture experiment (Chapter 3) revealed P. microcarpus 
isolates that had increased their biomass with increasing C availability. Non-
mycorrhizal control seedlings were not inoculated with any Pisolithus mycelium.  
Petri dishes containing seedlings were sealed with Parafilm M and replaced at a 70º 
angle into the light cabinet at 25ºC for a further 2 weeks. The seedlings were 
observed to be well colonised with most roots displaying typical ECM morphology 
of short thick lateral roots with extraradical mycelial growth extending from the 
colonised root system. Figure 4.1 shows examples of non-mycorrhizal (control) and 
well colonised mycorrhizal roots. 
Colonised seedlings were transferred to 150 x 20 mm Petri dishes with a stem access 
hole melted into the rim of the Petri lid and plate. The plates were filled with twice 
sterilised substrate consisting of 265 cm
3
 of a 1:4 mixture of peat: vermiculite, v:v, 
moistened with 80 ml sterile C:N 20:1 liquid medium (see Chapter 3) and 10 ml 
Wettasoil® seaweed extract (Amgrow, Ecofertiliser P/L Stapleton, Qld, Australia) to 
supply any possible lack of trace elements that may impede growth. Microcosm 
plates were covered with a double layer of Parafilm M and the stem access hole 
 76 
 
filled with sterile warm lanolin to form a plug. The lower half of the microcosm 
plates were covered with foil and plates placed in vertical racks.  
4.2.2 Experimental design 
All plants were hardened off (slowly acclimatising the seedlings to experimental 
conditions). This process was found to be critical for seedling survival during one 
year of experimentation to optimise conditions. It was found that the seedlings were 
highly sensitive to humidity and light intensity. This consisted of four weeks when 
the humidity was slowly reduced from 100% to 70% at ambient atmospheric [CO2], 
and at ambient temperatures that slowly decreased from 16°C to 11°C (night) (  and 
increased from 16°C to 24°C (day) over a 24 h period. These temperatures were the 
average annual range for Richmond, NSW where a whole tree climate control 
chamber experiment involving E. globulus saplings had been established (see 
Chapter 5). Light intensity was controlled at 500 µmol as higher light intensity was 
found to be detrimental to the seedlings. 
At the end of the hardening process, eight replicates of each isolate/seedling 
combination were placed into climate controlled conditions after rewatering with 
sterile Milli Q and re-sealed as described above. Ambient [CO2] was set at 400 ppm 
and elevated [CO2] set at 600 ppm. The temperature and light regime remained as for 
hardening. The microcosms were rewatered at 4-weekly intervals and the [CO2] 
treatment lasted for 8 weeks before destructive harvesting. To obtain eight replicates 
of each seedling/isolate pairing several runs were necessary, as seedling mortality 
was high. Due to an equipment failure, many replicates of E. globulus and isolate 
Meg 12 were lost. Time restraints and demand for climate chambers from other 
researchers resulted in the abandonment of this pairing for the elevated [CO2] 
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treatment altogether. All photographs were taken using a Zeiss Stemi 2000–c 
stereoscope microscope using Axiocam ERc 5S photography program AxioVision 
LE version 4.8.2. or Fugifilm FinePix camera between 2010 and 2013. 
4.2.3 Harvest 
4.2.3.1  Plant 
Seedlings were divided into stem and root portions. Stem and leaves were placed 
into labelled envelopes and oven dried at 40˚C for a minimum of four days before 
the dried biomass was weighed and samples were ground in a ball mixer mill (MM 
400; MEP Instruments Australia and New Zealand, Gladesville, NSW, Australia) 
with a stainless steel mill and ball at 25 Hz for 2 minutes. Total C and N analyses 
were performed on a LECO Tru Mac CN determinator (Leco corporation, St Joseph, 
MI, USA). Roots were gently teased from the substrate and placed into labelled 
envelopes and prepared for C and N analysis as above. 
4.2.3.2  Substrate 
The growth substrates, which contained both soil and ECM hyphal tissues, were 
placed into labelled envelopes, oven dried as above and ground with an agate lined 
ball mill (mixer mill MM 400) with 2 agate balls at 25 Hz for 2 minutes. Total C and 
N analyses were performed as above. The C increase in the substrate after treatment 
was determined by subtracting the C found in the substrate at time zero from the C 
analysed as above. This was then added to the C analysed in the plant tissues to 
produce the C increase in the total microcosm system. This gave the increase in C 
that was captured by the system after treatment. 
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4.2.3.3  Statistical analysis 
Analysis of variance  was carried out according to the split-plot design as described 
by Filion et al., (2000). The error terms to test for interactions between C and N and 
isolates were based on the mean square of the interaction between treatments (Filion 
et al., 2000). Analyses were carried out in Genstat 16.2 (VSN International Limited, 
Rothamsted, UK). Normality was tested with a Shapiro-Wilks test and by inspection 
of residuals, and variance homogeneity by Levene’s test. When data failed to satisfy 
one of these tests, an appropriate transformation was applied (log or square-root 
transformation). Tukey’s honest significance difference (HSD) test and modified 
version for unequal sample size (Unequal N HSD) were used for post hoc 
comparisons with a 0.05 grouping baseline. 
 
 
4.3 Results 
Results include the physical condition of the microcosms, plant biomass, plant and 
substrate total C, total N, ratios and the increase in C captured in the system.  
4.3.1 Microcosm 
The seedlings were colonised with various isolates from the Pisolithus sp. collection. 
The inoculant plug was excised from the growing edge of the culture plate and 
transferred to the germinated E. globulus seedling (Figure 4.1). The morphological 
changes associated with root colonisation with the short thick laterals covered in a 
mycorrhizal fungal sheath with long explorative hyphae extending into the substrate 
in the mycorrhizal root system was typical of all colonised seedlings. The non-
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mycorrhizal control seedlings remained sterile and un-contaminated  for the duration 
of the experiment. The morphology of control seedling roots was different from the 
seedlings colonised by Pisolithus isolates. They had long exploratory roots with lots 
of root hairs (Figure 4.2). The E. globulus seedlings were observed to be well 
colonised before transfer to the microcosms and the roots, after washing, appeared to 
be well colonised in most microcosms.  
There were visible differences in the rates of plant growth between non-mycorrhizal 
and mycorrhizal seedlings after 4 weeks in the ambient treatment. Colonised 
seedlings had a height twice that of the control seedlings (Figure 4.3). The colonised 
root system at harvest displayed the orange colour of the mycelium surrounding the 
roots. Plant heights at time of harvest were also recorded. P. albus and P. 
microcarpus seedlings were significantly different from the controls in ambient 
[CO2] (P < 0.001 and P < 0.01). P. albus seedlings were significantly greater in 
height from the controls in the elevated [CO2] (P < 0.05). Seedlings colonised by P. 
microcarpus isolates were not statistically different from the control (Figure 4.4). 
 80 
 
  
Figure 4.1 a) actively growing edge of Pisolithus albus culture (6.5 
magnification) (Meg 12) and b) seedling (E. globulus) with inoculant plug (Meg 12, 
approximately 1 cm
3
). 
 
  
Figure 4.2 Morphological root alteration of Eucalyptus globulus seedling roots - 
a) non-mycorrhizal (control) (6.5 magnification) and b) mycorrhizal (Be 01, 
Pisolithus albus) (6.5 magnification).  
 
 
 
 
a b 
1 cm 
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4.3.2 Plant Biomass 
An inter-isolate comparison, and comparison to the control, indicated there were 
significant differences in plant biomass for plants colonised by different isolates, 
with the greatest difference between E. globulus seedlings colonised by isolates Be 
01, WIL 10 (P. albus) and SI 12 (P. microcarpus) and the controls for both 
treatments (Figure 4.5). These 3 isolates facilitated the greatest increase in plant 
biomass in the both the ambient (up to 370%) and elevated (up to 320%) [CO2] 
treatments. Isolate MW 01 (P.microcarpus) did not increase plant growth compared 
to the control while the remaining isolates increased plant biomass in the ambient 
treatment compared to the control (by up to 170%) but did not further enhance host 
plant growth under elevated [CO2] compared to the control (Figure 4.5). Isolates G 
08, R 02 (P. microcarpus) and isolate Meg 11 (P. albus) stem, leaf and root biomass 
were significantly decreased (P < 0.001) at elevated [CO2] treatment (Figure 4.5). 
Allocation of C to stem, leaves and roots also varied between [CO2] treatments. E. 
globulus seedlings colonised by isolate SI 09 decreased biomass in stem and leaf in 
the elevated treatment but increased root growth in the elevated treatment (Figure 
4.5). 
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Figure 4.3  (a) non-mycorrhizal and (b) mycorrhizal seedlings at ambient [CO2]. 
Background of mm graph paper used to indicate growth. 
 
 
 
Figure 4.4 E. globulus seedling stem height at time of harvest of all isolates 
except Meg 12 elevated treatment. Asterisks denote significant difference by 
ANOVA between control and colonised seedlings at α = 0.05. 
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Non-mycorrhizal control plants, as well as plants colonised with Be 01, WIL 10 and 
SI 12, exhibited increased stem and leaf growth in the elevated [CO2] treatment up to 
133%. E. globulus colonised by SI 01, Meg 07, Meg 11, WIL 01, G 08 and R 02 had 
decreased growth in both stem, leaf and root compartments in the elevated [CO2] 
treatment by between 30%-75% (Figure 4.5; Table 4.1, Appendix C). 
4.3.3 Total plant C 
The C content was analysed as % C  and this was converted to C/g of total harvested 
plant material as follows: 
% C/100 * dry plant biomass (g) = C (g)    
(Figure 4.6; Table 4.2, Appendix C).  
Under elevated atmospheric [CO2], seedlings from microcosms inoculated with G 08 
(P =0.022), Meg 07 (P =0.034), Meg 11 (P = 0.017), R 02 (P = 0.04) and WIL 01 (P 
= 0.035) exhibited a significant decrease in total C (g) in their above and below-
ground plant compartments The trend for total C mirrors the changes in dry weights 
of the stems, leaves and roots for those E. globulus seedlings colonised by G 08, 
Meg 11, Meg 07, R 02, and WIL 01.. In contrast, seedlings colonised by SI 09 
increased C and biomass in the root compartment in the elevated [CO2] treatment. 
Seedlings colonised by WIL 10 and SI 12 increased biomass and C, compared to 
non-mycorrhizal seedlings, in both above- and below-ground plant compartments. 
The remaining isolates were not significantly different between compartments. 
4.3.4 Total plant N 
The total N content of the seedlings at harvest was calculated as for the total C 
analysis. Seedlings colonised by six isolates (G 08 (P = 0.039), Meg 07 (P = 0.003), 
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Meg 11 (P = 0.003), R 02 (P = 0.021) and WIL 01 (P = 0.027)) exhibited decreased 
N content under elevated [CO2] while seedlings colonised by MW 01 (P = 0.037) 
exhibited increased N content with elevated [CO2] (Figure 4.7).  
There was a significant (P < 0.001) difference between isolates and controls and 
treatments of each isolate and controls for stem, leaves and root N. E. globulus 
seedlings colonised by SI 12 followed the same pattern as for C with increased total 
N under elevated [CO2]. Similarly, seedlings colonised by SI 09 followed the same 
pattern as for C with increased root N under elevated [CO2] (Figure 4.7; Table 4.3, 
Appendix C).  
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Figure 4.5 Microcosm plant biomass (g) in the stems and roots at ambient (grey) and elevated (black) [CO2] based on dry weight. Asterisk 
indicates significant differences between treatments of isolates and controls. Each isolate is separated on the graph with dashed lines. Double 
dashed lines separate the Pisolithus sp.
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Figure 4.6 Plant C content in the stems and roots at ambient (grey) and elevated (black) [CO2] based on dry weight (g). Asterisk designates 
significant difference between treatments of isolates and controls (P < 0.01). Significance generated using combined plant C. Each isolate is 
separated by dashed lines. Double dashed lines separate the Pisolithus sp.  
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Figure 4.7 Plant N content in the stems and roots at ambient (grey) and elevated (black) [CO2] based on dry weight. Asterisk designates 
significant difference between treatments of isolates and control (P < 0.01). Each isolate is separated by dashed lines. Double dashed line 
separates the Pisolithus sp.
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4.3.5 Plant ratios 
The mycorrhizal seedlings stem:root biomass ratios ranged from 2.31 (isolate Meg 
07; P. albus) to 1.34 (isolate R 02; P. microcarpus) for the ambient [CO2] treatment. 
Non-mycorrhizal seedlings had a ratio of 1.7. At elevated [CO2], the ratio ranged 
from 4.10 (isolate Meg 07; P. albus) to 0.33 (isolate SI 09; P. microcarpus) for the 
mycorrhizal seedlings and was 4.19 for the non-mycorrhizal seedlings. The Meg 07 
(P. albus) plant combination had the highest above-ground biomass at both ambient 
and elevated [CO2]. (Table 4.5, Appendix C). 
At ambient [CO2], the ratio of stem:root C ranged from 3.48 (isolate SI 09; P. 
microcarpus) to 1.83 (isolate MW 01; P. microcarpus) for the mycorrhizal seedlings 
with the non-mycorrhizal seedlings ratio at 2.32. At the elevated [CO2], the values 
ranged from 4.07 (isolate Meg 07; P. albus) to 1.74 (isolate R 02; P. microcarpus) 
for the mycorrhizal seedlings with the non-mycorrhizal seedlings exceeding these 
values with a ratio of 6.15. 
At ambient [CO2], the ratio of stem:root N ranged from 2.92 (isolate SI 09; P. 
microcarpus) to 1.27 (isolate MW 01; P. microcarpus) for the mycorrhizal seedlings 
and 2.08 for the non-mycorrhizal seedlings. At elevated [CO2], the ratios ranged 
from 2.45 (isolate Meg 11; P. albus) to 1.62 (isolate R 02; P. microcarpus) for the 
mycorrhizal seedlings with the non-mycorrhizal seedlings exceeding these values 
with a ratio of 3.56.  
At ambient [CO2], the C:N ratios for both above- and below-ground compartments 
ranged from 84:1 ( stem)  and 63:1 (root) of seedlings colonised by SI 01 (P. albus) 
to 33:1 (stem) and 27:1 (root) of seedlings colonised by WIL 10 (P. albus). This was 
compared to 43:1 (stem) and 39:1 (root) for non-mycorrhizal seedlings. At elevated 
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[CO2], seedlings colonised by MW 01 (P. microcarpus) had a C:N ratio of 108:1  
stem and 59:1 (root). Seedlings colonised by R 02 (P. microcarpus) had a C:N ratio 
of 16:1 (stem) and 16:1 (root) displaying no difference in the allocation of C and N 
for these seedlings. Non-mycorrhizal seedlings had C:N ratios of 78:1 (stem) and 
26:1 (root). 
4.3.6 Substrate 
4.3.6.1 Total substrate C  
The total C in the final substrate after incubation at ambient and elevated [CO2] was 
determined (Figure 4.8; Table 4.4, Appendix C). At ambient [CO2], C in the 
mycorrhizal substrates ranged from 4.57 g (isolate WIL 10; P. albus) to 2.79 g 
(isolate Meg 11; P. albus) with the C in the non-mycorrhizal microcosms at 2.91 g. 
At elevated [CO2], C in the mycorrhizal substrates ranged from 4.64 g (isolate Be 01; 
P. albus) to 2.42 g (isolate WIL 01; P. microcarpus) with the C levels in the non-
mycorrhizal substrates of 2.78 g.  
Five isolates were significantly (P < 0.01) different in terms of substrate total C 
between ambient and elevated [CO2]. Isolate MW 01 (P. microcarpus) and isolate 
Meg 11 (P. albus) had increased C (g) and isolates Meg 07 (P. albus), R 02 (P. 
microcarpus) and WIL 01 (P. microcarpus) had decreased C (g) at elevated [CO2]. 
At ambient [CO2], C was captured above the time zero C content in the substrate of 
the E. globulus seedlings colonised by isolates Be 01(0.66 g), WIL 10 (0.86 g) and 
SI 01 (0.20 g) (P. albus) and SI 12 (0.23 g) (P. microcarpus) (Figure 4.8). 
At elevated [CO2], C was captured above the time zero C content in the substrate of 
E. globulus seedlings colonised by Be 01 (0.93 g), WIL 10 (0.58 g), SI 01 (0.16 g) 
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(P. albus), SI 12 (0.77 g) and MW 01 (P. microcarpus) (0.47 g). Isolate MW 01 (P. 
microcarpus) colonised seedlings captured C in their substrates only under elevated 
[CO2]. 
4.3.6.2 Total substrate N  
The mean total N in the substrate at time zero was 0.18 g. Total N in the mycorrhizal 
microcosms at harvest in the ambient [CO2], ranged from 0.10 g (isolate WIL 10; P. 
albus) to 0.05 g (isolate Meg 11; P. albus) with the non-mycorrhizal total N at 0.05 g 
(Table 4.4, Appendix C). 
At elevated [CO2], the total N of the mycorrhizal microcosms ranged from 0.092 g 
(SI 12) to 0.045 g (WIL 01) with the non-mycorrhizal microcosm at 0.05 g.  
Significant differences were found for six of the microcosms colonised by different 
Pisolithus isolates. Microcosms colonised by isolate Meg 11 (P. albus; P = 0.022), 
isolate MW 01 (P. microcarpus; P = 0.007) and isolate SI 12 (P. microcarpus; P = 
0.046) retained more N (g) at elevated [CO2] than at ambient [CO2]. Microcosms 
colonised by isolate Meg 07 (P.albus; P = 0.009), isolate R 02 (P. microcarpus; P = 
0.008) and isolate WIL 01 (P. microcarpus; P = 0.016) retained less N at elevated 
[CO2] compared to their ambient [CO2] (Table 4.4, Appendix C). 
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Table 4.4 Substrate C and N (g) means ± s.e. 
Isolate 
inoculant 
Pisolithus 
species 
Ambient C (g) Elevated C (g) Ambient N (g) Elevated N (g) 
Initial 
C/N 
 3.707 ± 0.381  0.178 ± 0.0572  
control  2.911 ± 0.339 2.783 ± 0.325 0.0486 ± 0.00219 0.05 ± 0.00505 
Be 01 P. albus 4.368 ± 0.459 4.641 ± 0.463 0.0942 ± 0.0130 0.0814 ± 0.0112 
WIL 10 P. albus 4.568 ± 0.463 4.286 ± 0.469 0.0976 ± 0.0139 0.0755 ± 0.0114 
SI 01 P. albus 3.906 ± 0.112 3.863 ± 0.265 0.0645 ± 0.00218 0.0639 ± 0.00342 
Meg 07 P. albus 3.653 ± 0.132 2.731 ± 0.244 0.0620 ± 0.00238 0.0470 ± 0.00396 
Meg 11 P. albus 2.794 ± 0.0772 3.432 ± 0.192 0.0504 ± 0.000817 0.0553 ± 0.000482 
Meg 12 P. albus 3.053 ± 0.0555 None survived 0.0512 ± 0.000616 None survived 
WIL 01 P. microcarpus 3.344 ± 0.134 2.417 ± 0.181 0.0564 ± 0.00296 0.0446 ± 0.00303 
G 08 P. microcarpus 2.876 ± 0.103 2.646 ± 0.183 0.0511 ± 0.00177 0.0485 ± 0.00290 
R 02 P. microcarpus 3.452 ± 0.0781 2.968 ± 0.0402 0.0609 ± 0.00195 0.0505 ± 0.00195 
SI 12 P .microcarpus 3.936 ± 0.221 4.475 ± 0.457 0.0635 ± 0.00231 0.0917 ± 0.0124 
MW 01 P. microcarpus 3.255 ± 0.0988 4.176 ± 0.0932 0.0594 ± 0.00268 0.0726 ± 0.00207 
SI 09 P. microcarpus 3.505 ± 0.164 3.218 ± 0.0779 0.0613 ± 0.00262 0.0596 ± 0.00224 
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Figure 4.8  Substrate C content at ambient (grey) and elevated (black) [CO2]. Asterisk indicates significant difference between treatments. 
Each isolate is separated by dashed lines. Double dashed lines separate Pisolithus sp.
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4.3.6.3 Increase in total C in microcosm 
At ambient [CO2] the total C in the substrate and plant tissues of mycorrhizal 
microcosms ranged from 0.16 g (isolate MW 01; P. microcarpus) to 1.32 g (isolate 
WIL 10; P. albus) while the non-mycorrhizal control microcosm total C was 0.15 g 
(Figure 4.9).  
Similarly, at elevated [CO2], the total C in the substrate and plant tissues of the 
mycorrhizal microcosms ranged from 0.09 g (isolate R 02; P. microcarpus) to 1.42 g 
(isolate Be 01; P. albus) while non-mycorrhizal control microcosm total C was 0.20 
g (Figure 4.9).  
The total C retained within the substrate and plant tissue in microcosms colonised by 
isolates Be 01, WIL 10, SI 12 and MW 01, was greater than the amount lost from the 
system. 
E. globulus seedlings colonised by isolate WIL 10 (P. albus) increased captured C 
by up to 900% at ambient [CO2] while seedlings colonised by isolate Be 01 (P. 
albus) increased captured C by up to 700% at elevated [CO2].  
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Figure 4.9 Total C increase in rhizosphere soil and plant tissue at ambient (grey) and elevated (black) [CO2]. Asterisk indicates significant 
differences between treatments (P < 0.01). Each isolate is separated by dashed lines. Double dashed lines separate Pisolithus sp. 
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4.4 Discussion 
Using six isolates of P. microcarpus and six isolates of P. albus as mycorrhizal 
inoculants for seedlings of E. globulus, The study investigated the effects of: (a) root 
mycorrhizal status on plant growth and the effect of the inter- and intra- species 
variations between the Pisolithus isolates on plant growth; (b) colonisation by each 
isolate on plant C and N nutrition and (c) whether the mycorrhizal association with 
eucalypts would increase C capture from atmospheric [CO2] in plant tissue and 
rhizosphere soil substrate under ambient and elevated [CO2]. 
This study found that plant biomass generally increased in response to colonisation 
of the seedling root system by Pisolithus isolates. This is similar to field based 
studies where a correlation between seedling inoculation with beneficial ECM fungi 
and increased productivity has been observed (Thomson et al., 1994, Chen et al., 
2006c). In other studies, the number of root tips colonised by ECM fungi has been 
shown to increase under elevated [CO2] (Rouhier and Read, 1998, Walker et al., 
1998a, Garcia et al., 2008, Ghannoum et al., 2010a).  
In this study, the greatest positive responses were from isolates Be 01, WIL 10 (P. 
albus) and SI 12 (P. microcarpus) which significantly increased plant biomass under 
elevated [CO2]. However, the degree of growth promotion reported here was highly 
isolate-dependent. A similar variation in colonisation was found in an experiment by 
Plett et al. (2015) where these same Pisolithus isolates were inoculated on to 
Eucalyptus grandis seedlings. In this latter study, isolate SI 09 was a poor coloniser 
of E. grandis and had little growth promoting effect while isolate SI 12 colonised 
more root tips and resulted in enhanced plant biomass (Plett et al., 2015). These 
same isolates used in this current study, also produced contrary responses although 
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both had colonised the roots of E. globulus seedlings well. Isolate SI 09 (P. 
microcarpus) increased root C and N and plant root growth of E. globulus seedlings 
under elevated [CO2], while isolate SI 12 (P. microcarpus) increased stem C and N 
and plant stem and leaf growth of E. globulus seedlings under both ambient and 
elevated [CO2]. Further research using E. grandis seedlings colonised by Pisolithus 
isolates is required to tease apart these varied responses by understanding how the 
biochemical responses within the plant/isolate would change under different climate 
conditions, especially when grown under ambient and elevated [CO2] (Plett et al., 
2015).  
In a microcosm experiment similar to the set-up used in this study, variations in plant 
growth response were also found, depending on the ECM fungal species colonising 
the root system (Fransson et al., 2007a). Contrastingly, in a study with P. sylvestris 
and P. tinctorius seedlings colonised by various ECM fungi, the host plant showed 
no difference in shoot biomass between [CO2] treatments but an increase in root 
biomass (similar to the result with isolate SI 09; see above) (Ineichen et al., 1995). 
Different combinations of ECM fungi/host plant can therefore result in very different 
growth responses. For example, when some of these Pisolithus isolates colonising E. 
grandis seedlings showed differing responses to those found using E. globulus 
seedlings (Plett et al., 2015). 
The ratios of stems/leaves and roots can be used as indicators of altered nutrient 
allocation due to the experimental treatment or ECM colonisation. In Alexander 
(1981), the ratio of shoot : root was greater in ECM colonised plants, although 
Bougher (1990) found no difference. Rousseau and Reid (1991) found lower shoot : 
root ratio when nutrients were high (Alexander, 1981, Bougher et al., 1990, 
Rousseau and Reid, 1991). In this analysis, a ratio other than 1 indicates that the 
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plant is unequally shuttling nutrients between above- and below-ground 
compartments. All stem : root biomass ratios (except seedlings colonised by isolate 
SI 09 under elevated [CO2]), had ratio > 1, indicating that a greater amount of 
resources were allocated to the stem and leaves. The C stem : root ratio indicated 
greater C allocation to stem and leaves for all microcosms under both ambient and 
elevated [CO2], including seedlings colonised by isolate SI 09. Isolate SI 09, while 
increasing plant biomass to the roots, allocated more C to stem and leaf than to the 
root. This trend was similar (except for the anomaly of isolate SI 09) to a study on 
allocation of C in pine, spruce and birch seedlings by 
14
C pulse labelling where it 
was found that 43-75% of photosynthetically fixed C was allocated to the above 
ground compartment, 9-26% to root and rhizosphere respiration and 13-21% to root 
and ectomycorrhizal biomass (Pumpanen et al., 2009), thereby allocating more C to 
the above-ground compartment than to the root compartment or lost due to 
respiration.  
The C:N ratios represent the amount of C compared to N in the above or below-
ground compartment and is useful for comparing seedlings colonised by different 
isolates. In the ambient treatment, all seedlings had more C than N allocated to the 
stem and leaves rather than to the roots. In the elevated CO2 treatment, most 
seedlings had more C than N allocated to the stem and leaves rather than the roots. 
The exceptions were isolate WIL 10 (P. albus) which had greater C than N allocated 
to the roots instead of the stems and leaves; and isolate R 02 (P. microcarpus) which 
allocated equal amounts of C and N to both above- and below-ground compartments. 
Generally, the C:N ratio in the above-ground compartment decreased with elevated 
CO2. The exceptions were isolate SI 12 (P. microcarpus), isolate MW 01 (P. 
microcarpus), isolate WIL 10 (P. albus) and the non-mycorrhizal control seedlings. 
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In contrast, C:N ratios of plant tissue compartments of forest trees have been shown 
to be altered according to tree species, tree age and length of observation. As a 
general trend, the C:N ratio in the leaves has generally been found to increase with 
elevated [CO2] (Gifford et al., 2000). Although, similar trends have been found with 
Pinus sylvestris colonised by ECM fungal species Hebeloma crustuliniforme and 
Paxillus involutus (Fransson et al., 2005) while Quoreshi and Khasa (2008) had 
similar conclusions working with Populus sp. and ECM fungi including Pisolithus 
spp. The former response has also been observed in ECM colonised seedlings of 
Pinus sylvestris, where photosynthates were preferentially allocated to the roots 
(Ineichen et al., 1995). Therefore, as with host growth promotion, these responses 
were dependent upon the ECM fungal species isolate (Ineichen et al., 1995, Gorissen 
and Kuyper, 2000, Fransson et al., 2007a, Hogberg et al., 2008). 
The C analysis indicated the ability of the substrate and the mycorrhizal fungi to act 
as a C sink. Mycorrhizal fungal mycelium facilitates the flow of photosynthates into 
the soil from the plant by means of increasing fungal biomass, exudation from the 
roots and mycelium and ultimately through consumption by soil organisms and 
dispersion throughout the soil (Finlay, 2008). This flow through the fungal pathways 
is thought to be enhanced by elevated atmospheric [CO2] (Rouhier and Read, 1998, 
Alberton et al., 2005, Hobbie et al., 2007, Parrent and Vilgalys, 2009, Ghannoum et 
al., 2010b, Pritchard, 2011). . P. microcarpus has been found to be a C source for 
free living microorganisms via the decay of mycelium (Drigo et al., 2012). This 
spread of recycled C via the extramatrical hyphae occurs outside the rhizosphere 
zone into the deeper soil layers (Talbot et al., 2013). This flow of C through the soil 
may also be reduced when plant shading causes less photoassimilates in the leaves 
(Bahn et al., 2013). 
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This study identified five isolates that increased C captured in rhizosphere soil 
substrate (Be 01, WIL 10, SI 01, SI 12 and MW 01). Some microcosms exhibited 
amounts of C remaining in the substrate as less than the initial C content. This may 
be explained by the C that would have been lost due to respiration as had been 
previously observed with up to 26% of C from recent photoassimilates lost by 
respiration (Pumpanen et al., 2009). There was loss of C through increased 
respiration under elevated [CO2] when Scots pine seedlings were colonised by 
various species of ECM fungi, (P. involutus, P. fallax, L. bicolor, P. byssinum and R. 
roseolus) in a microcosm experiment, but also an increase in the C captured by the 
extra-radicle mycelial compartment (Fransson et al., 2007a). 
The effect of soil N limitation is a critical factor in plant/ fungal growth under 
increased [CO2]. N limitation can have detrimental effects on both ECM fungal 
colonisation of the host roots and production of plant and fungal tissues (Corrêa et 
al., 2006, Forrester et al., 2007, Alberton and Kuyper, 2009). C in the soil affects the 
rate of N cycling with higher levels of C stimulating the acquisition of N by ECM 
fungal mycelium and other soil microbes. Therefore, increased soil C sinks would 
potentially increase the availability of N for the host plant (Brzostek et al., 2013). N 
fertilisation of eucalypt trees was found to occur naturally when acacia trees were 
associated with them. This may be due to the ability of ECM fungi, including 
Pisolithus sp. to associate with both tree species creating a common mycorrhizal 
network which could transfer C to the acacia and N to the eucalypt (Forrester et al., 
2007).  
ECM fungal colonisation improved seedling N uptake and there was an underlying 
significant correlation between seedling growth rate and N uptake (with the 
exception of isolates R 01 and SI 03 that has been commented on previously). The 
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non-mycorrhizal seedlings tended to use less N which corresponded to their lower 
growth rates. Although, many mycorrhizal seedlings had lower N uptake than the 
non-mycorrhizal seedlings at elevated [CO2], they did not have a corresponding 
lower growth rate above–ground. These mycorrhizal seedlings exhibited altered N 
allocation from root to shoots, thereby increasing above-ground plant growth at the 
expense of below-ground plant growth under elevated [CO2]. The exception to this 
trend was isolate SI 09, as explained above. 
 
 
4.5 Conclusion 
The results from this chapter confirm the hypothesis that E. globulus seedlings 
colonised by ECM fungal isolates P. microcarpus and P. albus have enhanced 
growth/productivity compared to non-mycorrhizal seedlings. For example, the 
observed increases in plant biomass up to 500% (isolate WIL 10; P. albus) at 
ambient, and up to 300% (WIL 10) at elevated, [CO2]. The inter- and intra-specific 
variations in responses are demonstrated by the different responses obtained by the 
different isolates of the same Pisolithus species as well as the different responses 
obtained by different Pisolithus species. There was an individual response by each 
isolate in each of the categories tested. 
In general, the mycorrhizal seedlings, decreased their C:N ratios in the above-ground 
plant tissues with increasing [CO2] treatment although the stem : root ratios 
increased above-ground biomass and C content under elevated [CO2]. Stem : root N 
ratios were varied with N generally allocated to aboveground compartment but with 
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3 exceptions and a further 3 where no difference was observed. Non-mycorrhizal 
seedlings had the greatest increase in N stem : root ratio under elevated [CO2], 
indicating that more N was allocated to the above-ground compartment as can be 
seen the low root biomass under elevated [CO2].  
The results in this study confirm that E. globulus has the potential to act as a C sink 
in both above- and below-ground compartments, and when combined with an ECM 
partner, such as Pisolithus sp. that can also increase biomass with increased C. The 
combination has the potential to capture C under both ambient and elevated 
atmospheric [CO2]. This host/mycorrhizal partnership may indicate an increased 
ability of the partnership to access C from the atmosphere and possibly increase the 
amount of photosynthesis occurring. 
C was captured above the amount respired by seedlings colonised by several 
Pisolithus sp. isolates. Although the data presented here are from a relatively short-
term controlled environment laboratory experiment, these isolates may be useful for 
the eucalypt plantation forestry industry in the future although further research to 
validate the results would be required. Inoculations of seedlings with these isolates 
may improve timber productivity and increase C storage capacity of eucalypt 
plantation soils and be of use in the international trade in C credits. These isolates of 
Australian Pisolithus sp. are designated as WIL 10, Be 01, SI 01 (P. albus), SI 12 
and MW 01 (P. microcarpus) in this study, in the order of greatest potential. 
Pisolithus sp. are only one small part of the ECM fungal community that colonises 
E. globulus. Investigations into the broader ECM fungal community associated with 
E. globulus follows in chapter five. 
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Chapter Five 
Climate change impacts on the ectomycorrhizal (ECM) fungal 
community associated with Eucalyptus globulus. 
 
5.1 Introduction 
Fungi represent a significant portion of Earth’s terrestrial microbial community with 
an estimated 1.5~5.1 million species in total (O'Brien et al., 2005, Curlevski et al., 
2014). They play a major role as decomposers in natural ecosystems, by degrading 
organic matter into reusable nutrition in biogeochemical cycling processes (Webster 
and Weber, 2007). Given that soil fungi are actively involved in carbon (C) and 
nutrient cycling (Dighton, 2003) there is an urgent need to better understand the 
effects of climate change on soil fungal communities. 
Investigations to date have largely focused on mycorrhizal fungal communities 
highlighting four main aspects of mycorrhizal functioning with respect to C 
transformations: (1) their impact on the primary production process (Cairney, 2012), 
(2) the direct and rapid acquisition of recent photosynthates (Johnson et al., 2002), 
(3) the significant contribution to both fast and slow pools of soil organic C through 
the retention of C in mycelium (Olsson and Johnson, 2005, Cairney, 2012), and (4) 
the ability of mycorrhizal fungi to influence broader microbial communities in soil 
(Drigo et al., 2010, Chen et al., 2012, Drigo et al., 2012, 2013). 
The effects of elevated atmospheric [CO2] on mycorrhizal fungi are often 
characterised by increased ecto- or arbuscular mycorrhizal colonisation due to 
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increased C assimilation rates by plant host and potentially increased plant demand 
for nutrients (Johnson and Gehring, 2007), reviewed in Cairney, 2012). Such shifts 
toward greater mycorrhizal colonisation may have important consequences for a 
number of soil properties including nutrient supply to the plant (especially P and N), 
plant C allocation and architecture, soil structure, and C storage (Drigo et al., 2013). 
Under elevated atmospheric [CO2] fungal biomass and abundance is often reported 
to increase along with changes in soil fungal composition (Drigo et al., 2009, 2010, 
2013, Curlevski et al., 2014). Anderson et al. (2013) have shown that while there 
was no effect of elevated [CO2] or temperature on soil fungal species richness (α 
diversity), there was a significant effect on soil fungal community composition (β 
diversity) especially in a combined elevated [CO2]/temperature treatment 
combination under two different eucalypt species. However, common and consistent 
response patterns of soil fungal communities to elevated [CO2] have not been 
observed as experiments conducted to date have examined highly disparate 
ecosystems and experimental conditions (reviewed in (Drigo et al., 2008, Singh et 
al., 2010, King, 2011, Anderson et al., 2013, Curlevski et al., 2014). 
Although most ecosystems are likely to face other environmental perturbations, such 
as increased temperature, in addition to elevated [CO2] as a result of climate change 
(Solomon et al., 2007), little information on responses of soil fungal communities to 
increased temperature is available, and markedly different outcomes have been 
reported for the few studies that have been conducted (Bardgett et al., 1999, 
Crowther and A'Bear, 2012, Anderson et al., 2013). Ectomycorrrhizal and arbuscular 
mycorrhizal fungal mycelium have been reported to increase with experimental 
warming, as has species richness and colonisation of understorey plants 
(Clemmensen et al., 2006, Heinemeyer et al., 2006, Hawkes et al., 2008, Helmisaari 
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et al.,2009, Olsrud et al., 2010, Deslippe et al., 2011). The abundance of fungi 
relative to bacteria may increase (Zhang et al., 2005) or decrease (Rinnan et al., 
2007, Frey et al., 2008) under similar conditions. Warming has also been shown to 
both increase soil fungal diversity and alter the relative abundance of fungal taxa in a 
boreal forest (Allison and Treseder, 2008), but did not significantly alter fungal 
diversity associated with decomposing litter in low alpine heathland (Papanikolaou 
et al., 2010). In a study on the combined effects of elevated [CO2] and increased 
temperature on soil fungi, Rygiewicz et al. (2000) showed that elevated temperature 
partially modified the effects of elevated [CO2]. 
Worldwide, Eucalyptus species are used for reforestation of degraded lands, 
provision of high-quality wood, and C sequestration (Varmola and Carle, 2002). In 
Australia, eucalypts are important both ecologically and economically, and 
increasing information is available regarding their responses to climate change 
(Ayub et al., 2011, Phillips et al., 2011, Zeppel et al., , 2012). Recent work on co-
occuring eucalypt species, faster-growing E. saligna and slower-growing E. 
sideroxylon, found that elevated [CO2] and elevated temperature individually 
stimulated biomass accumulation in both plant species, with the greatest response in 
the high [CO2]/high temperature treatment (Ghannoum et al., 2010a, Anderson et al., 
2013). Both eucalypt species exhibited the capacity for significant C sequestration in 
a warmer, elevated [CO2] world. Here, the objective was to investigate the 
independent and combined effects of rising [CO2] and increased temperature on 
fungal community composition and species richness under field grown E. globulus. 
To address this objective, Terminal Restriction Fragment Length Polymorphism 
(TRFLP) and Illumina MiSeq analyses were used to examine responses of soil 
fungal communities (targeting ECM fungi through the use of hyphal in-growth bags) 
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associated with E. globulus to future climate change in a well-established forest 
experiment (Barton et al., 2010, Crous et al., 2011, Duursma et al., 2011) 
manipulating both atmospheric [CO2] and temperature (ambient and ambient + 3°C). 
 
5.2 Materials and Methods 
5.2.1 Site description 
The Hawkesbury Forest Experiment (HFE) site is situated on an alluvial 
floodplain near the Nepean River in western Sydney (Australia) at 20 m a.s.l. 
elevation (33°36′40″ S, 150°44′26.5″ E) as described in Barton et al., 2010, and 
Curlevski et al., 2014. In brief, the climate in the region where the experiment was 
conducted is sub-humid temperate. Mean annual temperature at this location is 
17°C with a mean maximum temperature of the hottest month of 30°C, and mean 
minimum temperature of the coldest month of 3°C. The long-term mean annual 
rainfall is 799 mm, with 1st and 9th deciles for rainfall of 528 and 1072 mm, 
respectively. The wettest months are typically in the summer (November and 
February) and the driest months are in the winter (July and August); however, 
inter-annual variation is very large. The mean ratio of annual precipitation to 
potential evapotranspiration (FAO-56; Food and Agriculture Organization of the 
United Nations) is approximately 0.6. The 5 ha site has sandy loam soil with an 
alluvial formation of low organic matter content (0.7%), low to moderate fertility 
(available P, 8 mg kg
-1
; exchangeable cations K, 0.19; Ca, 1.0; Mg, 0.28 mEq 
100g
-1
) and low water holding capacity (Barton et al., 2010). The ambient 
atmospheric temperature of the site during the in-growth bag incubation (February 
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to August, 2011) ranged from -3°C to 33°C with a mean maximum temperature of 
24°C. 
5.2.2 Whole tree chambers  
The HFE is a crossed atmospheric [CO2] x temperature design with three replicate 
chambers in each of the four treatments: two levels of [CO2], ambient and 
elevated (ambient + 240 ppm), and two atmospheric temperatures, low (ambient 
temperature) and high (ambient + 3°C). Twelve whole-tree chambers (WTC) of 
diameter 3.25 m and 9.5 m height were installed at the site in 2006. The WTCs 
are climate, temperature and relative humidity controlled and capable of 
monitoring whole-tree gas exchange (Medhurst et al., 2006). Six chambers are 
operated to track ambient atmospheric [CO2] and six to provide elevated [CO2] 
(ambient [CO2] + 240 ppm). Six chamber control trees were located adjacent to 
the WTCs to test for any effects of chambers on trees (for treatment layout and 
diagram of the whole-tree chamber see Barton et al., 2010). Within each WTC, 
one 10-month old seedling of E. globulus was planted in December, 2010. In 
addition, six control plots were established that were identical to the WTC plots, 
but without WTCs. All chambers were fitted with a root enclosure barrier that 
extended to 1 m and into the deeper clay soil. Therefore, the majority of roots in 
the top 1 m of soil were associated with the single experimental tree planted at the 
centre of each WTC. A clear PVC floor (400 μm thick) was installed 45 cm above 
the ground surface, creating an under-floor volume of ca. 4 m
3
 to monitor soil 
CO2 efflux (Barton et al., 2010) (indicated in Figures 5.1b and 5.2). In addition to 
a standard meteorological station at the HFE, a separate set of sensors was 
connected to the WTC central control system including a tipping bucket rain 
gauge (RG2, Monitor Sensors, QLD, Australia), quantum sensor (LI-190SA, Li-
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Cor, Inc., USA) and combined air temperature and relative humidity sensor 
(MP101A, Rotronic Bassersdorf, Switzerland) contained within a ventilated, 
shielded housing mounted within the tree stand surrounding the WTCs to provide 
a reference temperature for the WTCs. These sensors were sampled and recorded 
at 1 min intervals. WTCs were individually instrumented with radiation shielded, 
ventilated thermistors (10 kOhm NTC Accu-Curve, RTI Electronics, Inc., CA, 
USA), a soil temperature sensor and a soil moisture probe (Theta Probe, Delta T 
Instruments) at 10 cm depth, a neutron probe access tube installed to 4.75 m, and 
a PVC access tube installed to 2 m depth to house frequency-domain 
reflectometer sensors at four depths which were logged every half hour (Sentek 
EnviroSCAN, Sentek Sensor Technologies, Stepney, SA, Australia) (Medhurst et 
al., 2006). Trees were watered regularly during establishment with 10 mm of 
water every third day (soil wtc circa 20%). Seven 90° spray nozzles mounted 
under the floor delivered a uniform coverage of irrigation water to the 10 m
2 
of 
soil surface contained within the under-floor space. Irrigation was under control of 
the central computer and accurate to ±0.1 mm. The atmospheric [CO2] and 
temperature treatments commenced at the time of planting and were ambient 
(~400 ppm), elevated (ambient + 240 ppm), ambient temperature and ambient +3 
°C.  
5.2.3 In growth mesh bags 
In February 2011, (10 weeks after saplings were transplanted) hyphal in-growth bags 
were buried at a depth of ca 15 cm in the soil at opposite sides of the tree stem in 
each chamber (2 in-growth bags per chamber). The bags (6 replicates per treatment) 
were constructed by sealing 5 g oven-dried, acid-washed, quartz-propagating sand 
(median particle size approx. 0.5 mm) into 45 μm nylon mesh bags (ca 5 x 3 cm) 
 108 
 
using a plastic bag sealer (Wallander et al., 2001) (Figure 5.1). Soil cores were also 
collected from a depth of 15 cm at the same time. The mesh bags were harvested 
after five months incubation in the whole tree chambers (Figure 5.2). 
 
 
 
Figure 5.1 (a) Hyphal in-growth mesh bag and (b and c) placement of hyphal in-
growth bag in WTC chamber soil under PVC flooring. 
a 
b 
c 
c 
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Figure 5.2 Whole tree chambers with E. globulus saplings at time of harvest of 
in-growth bags. Floor level 45 cm above ground. 
 
5.2.4 DNA extraction and PCR amplification 
DNA was extracted from ca 0.5 g sieved soil or sand from each hyphal in-growth 
bag or time zero (T0) soil sample using MO BIO Powersoil DNA Isolation kit 
(MoBio Laboratories, CA) according to the manufacturer’s protocol. Cell tissues 
were disrupted using Qiagen TissueLyser II (Qiagen, Venlo, Limburg, Netherlands) 
for 1.43 min at 30 Hz. DNA was eluted with 60 µl sterile water supplied. 
Fungal rDNA ITS regions were PCR amplified using the fluorescently labelled 
primers (5ʹ -6-FAM) ITS1F (Gardes and Bruns, 1993) and (5ʹ - HEX) ITS4 (White et 
al., 1990). PCR amplifications were performed in 50 µl reactions containing 1.0 µl 
DNA; 5 X Green GoTaq® Flexi buffer (Promega, Madison, WI, USA); 200 µM 
dNTPs; 2.5 mM MgCl2; 20 pmol of both primers; 0.3 µl bovine serum albumin 
Floor level 
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(BSA) solution (10 mg ml
-1
) and 2.5 units GoTaq Flexi DNA polymerase (Promega, 
Madison, WI, USA). Cycling parameters were based on those described by 
Anderson et al. (2007) and consisted of 5 min at 95°C followed by 29 cycles at 94°C 
for 30 s, 55°C for 30 s and 72°C for 1 min, with a final extension step at 72°C for 10 
min. PCR products were visualised using standard electrophoresis. 
5.2.5 TRFLP analysis of fungal community composition 
Fluorescently labelled PCR products were purified using the Wizard SV Gel and 
PCR Clean-Up System (Promega, Madison, WI, USA) using manufacturer’s 
instructions. Restriction digests were performed in 10 µl volumes containing 8.0 µl 
purified PCR product, 5 units of the restriction endonucleases Hinf1 or Taq1 
(Promega, Madison, WI, USA), 0.1 µl BSA solution and 0.5 µl of the appropriate 
10x buffer. Digests were incubated at 37°C (Hinf1) or 65°C (Taq1) for 3 h. 
Terminally-labelled restriction fragments were separated along a 50 cm column, 
using POP 4 polymer, on an ABI PRISM 3700 DNA sequencer (Applied Biosystems 
Inc., CA, USA). A LIZ 500 internal size standard (Applied Biosystems Inc., CA, 
USA) was applied to each sample. TRFLP profiles were analysed using a second-
order least squares size calling method (peaks between 50 and 500 bp in size) and a 
peak amplitude threshold setting of 50, using GeneMapper version 4.0 software 
(Applied Biosystems Inc., CA, USA). 
The fungal TRFLP fingerprints obtained were binary coded and used in statistical 
analysis as “species” presence-absence matrices. Main effects of temperature, and 
[CO2], and two-way interactions between these two factors on fungal community 
structure, as examined by TRFLP, were tested by distance-based redundancy analysis 
(db-RDA, (Legendre and Anderson, 1999). Jacquard’s coefficients of similarity were 
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first calculated between samples and used to compute principal coordinates (PCoA) 
in the R-package (Casgrain and Legendre, 2001). When necessary, eigenvectors were 
corrected for negative eigen values using the procedure of Lingoes (1971) (Lingoes, 
1971) and then all the PCoA axes were exported to Canoco version 4.5 (Ter Braak 
and Smilauer, 2002) and treated as “species” data. To test the effects of the two 
groups of factors (temperature and CO2), they were entered as dummy binary-
variables. In Canoco, one group of factors was entered as the explaining variables in 
the model, while the other group of factors were entered as covariables. The 
significance of such models was tested with a Monte-Carlo test based on 999 
permutations restricted for split-plot design, with whole tree chambers designated as 
whole plots. The percentage of variation in the dataset that was related to the 
different factors was determined by variance partitioning (Borcard et al., 1992) using 
the same strategy as for db-RDA analyses. The percentage of variation explained by 
a factor was the trace of the analysis constrained using this factor (RDA) divided by 
the trace of the unconstrained analysis (PCoA). Unexplained variation was calculated 
by subtracting the trace of the overall amount of explained variation by the different 
factors in the model from the total inertia.  
Relationships between fungal community structure in soil/in-growth sand samples, 
[CO2] (ambient, elevated) and temperature (ambient, elevated) treatments were 
determined with correspondence analyses (CA) at the plant species level. 
Calculations were undertaken using CANOCO version 4.5 (Ter Braak and Smilauer, 
2002). 
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5.2.6 Illumina MiSeq sequencing and analysis 
Sequencing data analysed in this study were generated in one sequencing run on the 
Illumina MiSeq by the Next Generation Facility at the University of Western Sydney 
(Sydney, Australia). DNA extraction was performed as described above. The 
Illumina ITS metagenomic sequencing library was prepared according to the 
Illumina guidelines using 12 μl of genomic DNA normalised to 1 ng/μl. PCR 
reactions contained 12 μl Kapa 2xHiFi HotStart ReadyMix (2X) PCR (KAPA 
Biosystems, MA, USA), 0.5 μl of the primers fITS7 and ITS4 (final concentration 
0.2 µM; 10 μM) (Ihrmark et al., 2012) targeting the internal transcribed spacer (ITS) 
region of the ribosome encoding gene. Reactions were held at 95°C for 3 min to 
denature the DNA, with amplification proceeding for 25 cycles at 95 °C for 30 s, 55 
°C for 30 s, and 72 °C for 30 s; a final extension of 5 min at 72 °C was added to 
ensure complete amplification. Amplicons were cleaned using 20 μl AMPure XP 
beads (Beckman Coulter, NSW, Australia), 52.5 μl 10mM Tris pH 8.5, 400 μl 
freshly prepared 80% ethanol (Sigma, NSW, Australia). 5 μl of this sample, 25 μl of 
2xKAPA HiFi HotStart Ready Mix (KAPA Biosystems, MA, USA), 5 μl of Nextera 
XT Index 2 Primers (S5XX) from the Nextera XT Index kit (Illumina, San Diego, 
CA, USA) and 10 μl PCR grade water were used to performed the index PCR. 
Reactions were held at 95°C for 3 min to denature the DNA, with amplification 
proceeding for 8 cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s; a final 
extension of 5 min at 72 °C was added to ensure complete amplification. Amplicons 
were cleaned using 20 μl AMPure XP beads (Beckman Coulter, NSW, Australia), 
52.5 μl 10mM Tris pH 8.5, 400 μl freshly prepared 80% ethanol (Sigma, NSW, 
Australia). PCR clean product (1 µl) was run on a TapeStation D1000 screen tape 
(Agilent Technologies, Santa Barbara, CA, USA) to verify the size of the amplicons 
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(~600 bp). Library normalization and pooling were performed according to the 
Illumina guidelines (Illumina, San Diego, CA, USA). Pooled libraries were 
denatured with 6 μl 10 mM Tris pH 8.5, 1540 μl HT1 (Hybridization Buffer), 10 μl 
0.2 N NaOH 4 μl PhiX Control Kit MiSeq v3 (Illumina, San Diego, CA, USA). The 
denatured DNA library and PhiX dilution was 10 pM. 
Sequences were processed using the QIIME package (Caporaso et al., 2010). 
Initially, low quality regions (Q<20, 5bp) were trimmed from the 5’ end of 
sequences and paired ends were joined with the FastqJoin programme 
(https://code.google.com/p/ea-utils/wiki/FastqJoin). Sequences were de-multiplexed 
and a further round of quality control conducted to remove sequences containing 
ambiguous bases (N) and bases with a quality score below 25. Chimeric sequences 
were detected using USEARCH (Edgar, 2010, Edgar et al., 2011) and the remaining 
high quality chimera free sequences were used for downstream analysis. Operational 
Taxonomic Units (OTUs) were defined as clusters of 97% sequence similarity using 
UCLUST (Edgar, 2010). Taxonomy was assigned using BLAST (Altschul et al., 
1990) against the UNITE fungal ITS database (Koljalg et al., 2013). The resultant 
OTU abundance table was rarefied at 87958 sequences to ensure even sampling 
depth between samples. The initial soil samples taken from each of the twelve whole 
tree chambers were used to determine any significant differences in the soil fungal 
communities at the beginning of the experiment. These samples were not included in 
the Miseq analysis. 
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5.3 Results 
5.3.1 Fungal species richness using TRFLP 
A total of 214 FAM and 256 HEX TRF’s were obtained using Taq1, with ≤ 45 Fam 
and ≤ 89 HEX fragments obtained for individual initial soil samples (T0). Hinf1 
yielded similar total TRF numbers (216 FAM and 278 HEX), while ≤ 43 FAM and ≤ 
HEX TRFs were obtained for individual soil samples (T0). A total of 178 FAM and 
185 HEX TRFs were obtained using Taq1, with ≤ 41 FAM and ≤ 35 HEX fragments 
obtained for individual hyphal in-growth bag samples. Total TRF numbers were 
similar with Hinf1 (178 FAM and 192 HEX), with ≤ 56 FAM and ≤ 42 HEX TRFs 
obtained for individual hyphal in-growth bags. Overall, a total of 876 and 731 unique 
TRFs (two enzymes and 2 fragments) were identified in T0 soil and the hyphal in-
growth bags, respectively. There were significant differences in mean TRF numbers 
in soil samples across the two different temperatures (Table 5.1). In the hyphal in-
growth bags, significantly (P = 0.021) higher TRF numbers were detected in the 
elevated [CO2] x elevated temperature treatment, and in the elevated [CO2] x 
ambient temperature treatment (P = 0.054). Significantly (P = 0.013) lower TRF 
numbers were detected in the ambient [CO2] x elevated temperature and ambient 
[CO2] x ambient temperature treatments (P = 0.026, Table 5.1). 
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Table 5.1. Data are presented for TRFs (mean ± se) in pre-treatment soil (T0) and 
hyphal in-growth bags for E. globulus in the two [CO2] and two temperature 
treatments. Different letters indicate significant differences (P < 0.05) between mean 
TRF numbers (as determined by Tukey’s HSD test) within either the soil or hyphal 
in-growth bag data. 
 
 
 
5.3.2 Fungal community composition 
Distance-based redundancy analysis of TRFLP data showed that temperature (P = 
0.077) and CO2 treatments (P = 0.094), along with the interactions between these 
factors (P =0.001), explained a significant part of the shifts in hyphal in-growth bag 
fungal community composition (Table 5.2). 
 
 
Treatment TRFs (mean ± se) 
 Soil (T0) Hyphal in-growth bags 
   
     400 ppm
 
CO2 ambient temp 127.5 ± 3.4
 d
 73.1 ± 5.3 
a
  
     640 ppm
 
CO2 ambient temp n.a. 98.7 ±  7.1 
b
 
     400 ppm
 
CO2 elevated temp 103.5 ± 5.2
c
 88.3 ± 6.9 
a
 
     640 ppm
 
CO2 elevated temp n.a. 113.7 ± 4.5
d
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Table 5.2 Distance-based redundancy analysis results for hyphal in-growth 
bags, temperature (ambient and elevated) and atmospheric [CO2] (ambient and 
elevated) on fungal community TRFLP profiles based on 999 Monte Carlo 
permutations test. 
 
 
 
Correspondence analyses (CA) of the E. globulus hyphal in-growth bag TRFLP data 
revealed elevated [CO2] coupled with elevated temperature are the main factors 
influencing the fungal communities (P < 0.001; Figure 5.3). The T0 soil data showed 
no separation between the TRFLP TRFs of whole tree chambers before 
commencement of climate treatments (Figure 5.3). 
 
 
 
Variables Co-variables F P 
    
Temperature x CO2 - 3.315 < 0.001 
Temperature - 1.223 0.054 
CO2 - 1.215 0.115 
Temperature CO2 1.493 0.077 
CO2 Temperature 1.237 0.094 
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Figure 5.3.  Correspondence analysis (CA) of the hyphal in-growth bag TRFLP 
data for E. globulus considering temperature (T) (ambient (24
o
C) elevated (27
o
C)) 
and CO2 concentration (ambient (400 ppm) and elevated (640 ppm)) Symbols 
represent samples from the following treatments: 640 ppm
 
CO2 and 24
o
C (    ); 640 
ppm
 
CO2 and 27
o
C (    ); 400 ppm CO2 and 24
o
C (    ); 400 ppm
 
CO2 and 27
o
C (    ); 
soil at T0 and 24
o
C (); soil at T0 and 27
o
C (). 
 
 
Variance partitioning analyses of hyphal in-growth bag data revealed a similar trend 
(Figure 5.4). Changes in the fungal community were not significantly explained by 
either [CO2] (40.0 %; P = 0.234) or temperature (22.4 %; P = 0.123) alone. 
However, the interactive effect of [CO2] and temperature significantly explained the 
fungal community composition variation (17.6 %; P < 0.001). 
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Figure 5.4.  Variance partitioning analysis of fungal TRLFP data obtained from E. 
globulus hyphal in-growth bags. The numbers list the percentage of variance 
explained by temperature (T) (40% ambient and high; light grey) and CO2 
concentration (CO2) (ambient and elevated, grey), their interactions (17.6% CO2 x T; 
blue) and unexplained variance (20% white). The significance of all the different 
factors on fungal community structure was tested by db-RDA based on 999 Monte 
Carlo permutations (see material and methods). The remaining white area is 
proportional to the unexplained variance. Asterisks designate significant differences 
between treatments: ***, P < 0.001; n.s., not significant. 
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5.3.3 Fungal community structure using Illumina MiSeq analysis 
 
Fungal taxa identified within the hyphal in-growth bags indicate the presence of 
Ascomycota 92% (aTaCO2), 82% (aTeCO2), 67% (eTaCO2), 77% (eTeCO2) 
Basidiomycota 1% (aTaCO2), 12% (aTeCO2), 10% (eTaCO2), 12% (eTeCO2), 
Chytridiomycota 6% (aTaCO2), 4% (aTeCO2), 3% (eTaCO2), 5% (eTeCO2), 
Glomeromycota < 1% all treatments, Zygomycota 0.8% (aTaCO2), 1% (aTeCO2), 
17% (eTaCO2), 5% (eTeCO2) and some unidentified taxa ≤ 1% all treatments 
(Figure 5.5).  
 
 
Figure 5.5 Relative abundance of fungal taxa determined by next generation 
sequencing of E. globulus hyphal in-growth bags under four climate controlled 
conditions; ambient temperature and [CO2](     aTaCO2); ambient temperature and 
elevated [CO2] (    aTeCO2); elevated temperature and ambient [CO2] (     eTaCO2) 
and elevated temperature and [CO2] (      eTeCO2). 
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Ruhlandiella genus was dominant in all the treatments (Fig. 5.6, 5.7, 5.8, 5.9). At 
ambient treatments (aTaCO2), the fungal community composition was 91% 
Ruhlandiella; 2% Talaromyces and 1% Pochonia and 6% of other genera (Figure 
5.6). At ambient temperature and elevated [CO2] (aTeCO2), Ruhlandiella was still 
dominant (80%) (Figure 5.7) with Pisolithus (11%), Mortierella (1%) and other 
minor genera covering the remaining 20% (Figure 5.7). At elevated temperature and 
ambient [CO2] (eTaCO2), the fungal community composition was 51% Ruhlandiella, 
16% Mortierella and 8% Marchandiomyces (Figure 5.8). In the elevated temperature 
and [CO2] (eTeCO2), the community consisted of 44% Ruhlandiella; 17% 
Mortierella  and 9% Pisolithus (Figure 5.9). 
Figure 5.6 Pie chart representing fungal relative abundance at the genus level for 
E. globulus hyphal in-growth bags. The percentages list the interactive effects of 
ambient temperature (aT) and at ambient CO2 [aCO2] on the fungal relative 
abundance.
Talaromyces 
2% 
Ruhlandiella 
91% 
Pochonia 
1% 
Other 
6% 
aT [aCO2] 
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Figure 5.7 Pie chart representing fungal relative abundance at the genus level for 
E. globulus hyphal in-growth bags. The percentages list the interactive effects of 
ambient temperature (aT) and at elevated CO2 [eCO2] on the fungal relative 
abundance. 
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Figure 5.8 Pie chart representing fungal relative abundance at the genus level for 
E. globulus hyphal in-growth bags. The percentages list the interactive effects of 
elevated temperature (eT) and at ambient CO2 [aCO2] on the fungal relative 
abundance. 
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Figure 5.9 Pie chart representing fungal relative abundance at the genus level for 
E. globulus hyphal in-growth bags. The percentages list the interactive effects of 
elevated temperature (eT) and at elevated CO2 [eCO2] on the fungal relative 
abundance. 
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5.4 Discussion 
Distance-based redundancy analysis of the fungal community TRFLP profiles 
showed that increased atmospheric [CO2] combined with elevated temperature 
influenced the fungal community associated with E. globulus hyphal in-growth bags. 
Large effects of elevated [CO2] and temperature treatments were observed on soil 
fungal community composition (β diversity). These observations are consistent with 
previous laboratory and field-based investigations of [CO2] and temperature effects 
on soil fungal communities (Klamer et al., 2002, Parrent and Vilgalys, 2007, 
Papanikolaou et al., 2010, Edwards and Zak, 2011). However, they contrast with 
observations of Allison and Treseder (2008) who showed that warming had a 
significant positive effect on the richness of active fungi (determined by 
bromodeoxyuridine incorporation) in a boreal forest. Although active fungi were not 
specifically targeted in the study, hyphal in-growth bags contain mycelia of fungi 
that actively colonised the bags during the incubation period. 
The structure of fungal communities (i.e. β diversity) was largely affected by 
elevated [CO2] (640 ppm) x elevated temperature (27°C) treatment combination. 
Anderson et al. (2013) investigated the interactive effects of [CO2] and temperature 
on soil fungi and fungi that colonised hyphal in-growth bags associated with faster-
growing E. saligna and slower-growing E. sideroxylon. Plants were grown in native 
soil under controlled soil moisture conditions, while subjecting the above-ground 
component to defined atmospheric conditions differing in CO2 concentrations (280, 
400, 640 ppm) and temperatures (26 and 30°C). The authors found that the structure 
of fungal communities (i.e. β diversity) was largely dependent on eucalypt species 
growing in the soil with the exception of the combined effect of elevated [CO2] and 
elevated temperature where the effect of plant species was secondary to the treatment 
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effects. While the observed differences in soil fungal communities under birch and 
birch/aspen (Edwards and Zak, 2011) and Araucariaceae species (Curlevski et al., 
2010) may affect differences in litter inputs from different plant species over 10 and 
80 years, respectively, this was not the case with this shorter-term experiment in the 
whole tree chambers. 
The eucalypt species (E. globulus) used in this work has been shown to significantly 
increase growth rate under elevated [CO2] and temperature, accumulating 4-fold 
more biomass than at ambient [CO2] and temperature (See Chapter Four, this study). 
In the previous chapter working with E. globulus seedlings the shoot:root ratio did 
not significantly differ between treatments,although the root biomass was greater in 
elevated [CO2] and temperature. This suggests that a greater amount of C was 
supplied to the E. globulus rhizosphere and this may have affected the fungal 
community in this experiment. In addition, larger plants with greater leaf area, 
transpired significantly higher amounts of water, which is likely to have led to more 
rapid depletion of soil water at elevated [CO2] and temperature treatment. 
Communities of soil fungi are influenced by soil moisture depletion with changes in 
the dominance of drought tolerant fungal species (Toberman et al., 2008, Bell et al., 
2009), (Castro et al., 2010, Schmitt and Glasser, 2011), and concomitant alterations 
in soil C availability may partially explain the observed differences in fungal 
community composition under E. globulus. 
There were no significant effects of elevated [CO2] alone on soil fungal species 
(OTU) richness (i.e. α diversity), or on soil fungal community structure (i.e. β 
diversity) in hyphal in-growth bags. While Klamer et al. (2002) reported no effect of 
elevated atmospheric [CO2] on soil fungal species richness, Fransson et al. (2002) 
and Parrent and Vilgalys (2007) both reported significant differences in the 
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abundance of individual ECM taxa under elevated [CO2]. Parrent and Vilgalys 
(2007) reported a decline in the frequency of a Thelephoraceae taxon under elevated 
[CO2]. Fransson et al. (2007b) showed that Laccaria bicolor and Laccaria laccata 
produced more mycelial biomass when exposed to increasing amounts of C in pure 
culture, and L. bicolor mycelium has been shown to obtain more host derived C 
under elevated [CO2] than ambient [CO2] when in symbiosis with Pinus sylvestris. 
Therefore, the lack of effect of elevated [CO2] on the fungal community is correlated 
with the below-ground plant C inputs. 
The results from this study indicate that increased temperature alone did not alter the 
structure of soil fungal communities. These results are consistent with previous 
investigations of the effect of elevated temperature on soil fungal communities 
reporting no effect on community structure or diversity (Allison et al., 2010, 
Papanikolaou et al., 2010). Others, however, have reported that warming increased 
diversity and altered the relative abundance of individual taxa (Allison and Treseder, 
2008, Deslippe et al., 2011). Fungal respiration generally increases with temperature 
(Hacskaylo et al., 1965, Malcolm et al., 2008), but this has been shown to be readily 
negated in some ECM fungi if they are acclimated to elevated temperature (Malcolm 
et al., 2008). Such an ability to metabolically acclimate to higher temperature may 
explain why the relative abundance of some OTUs did not increase in the elevated 
temperature treatment in the current investigation. 
There was a highly significant effect of elevated [CO2] and temperature on hyphal 
in-growth bags fungal species (OTU) richness (i.e. α diversity), as well as strong and 
significant effects on fungal community structure (i.e. β diversity). Several previous 
studies have investigated the interactive effects of increased atmospheric [CO2] with 
other environmental variables on the diversity of both soil fungi and ECM fungi    
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(Tingey et al., 1997, Kasurinen et al., 2005, Lagomarsino et al., 2007, Garcia et al., 
2008, Edwards and Zak, 2011, Anderson et al., 2013, Curlevski et al., 2014). The 
only studies, however, to demonstrate a true interactive effect (between elevated 
[CO2] and temperature or N or drought) was that of Lagomarsino et al. (2007), 
Anderson et al. (2013) and Curlevski et al. (2014). Curlevski et al. (2014) surveyed 
soil fungal community structure changes under E. saligna exposed to a 3-year period 
of elevated [CO2] and one year of drought. Their results suggest that drought is a key 
factor in shaping soil fungal community composition and its interactive effect with 
elevated [CO2] appears to select for a fungal community that is more adapted to 
drought conditions. Understanding the interactive effects of multiple environmental 
variables is not straightforward and the trends in such datasets are often difficult to 
untangle but are important given that multiple climate change factors act together. 
The sequencing data suggested that warming reduced the relative abundance of 
Ascomycetes and increased the relative abundance of the Zygomycota, possibly 
indicating that whereas Ascomycetes may be temperature sensitive, the Zygomycota 
may have the ability to acclimatise to increased temperature. Kontoyiannis (2007) 
found that more fungal biomass of Zygomycetes occurred at 37°C than at 25°C in a 
culture experiment reinforcing the concept that at elevated temperature Zygomycetes 
may be more active. Relative abundance of soil fungal taxa and diversity in response 
to warming have been observed in other studies (e.g. Allison and Treseder, 2008) 
while acclimation to warming has been observed in some fungi (e.g. Malcolm et al., 
2008). Basidiomycota increased in relative abundance in all elevated treatments 
indicating that elevated temperature as well as elevated [CO2] increased the 
detectable presence of these fungi possibly due to the ability to respond to increased 
available C and acclimation to increased temperature (Malcolm et al., 2008, 
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Anderson et al., 2013). There was an increase in fungal biodiversity (at genus level) 
at elevated temperature and Pezizomycetes were the most abundant family in the soil 
fungal community, followed by Sordariomycetes, Agariomycetes and Zygomycota 
incertae sedis, indicating a tolerance to increasing temperature. 
Ruhlandiella has a dominant role in the soil fungal community ecology in all 
climatic conditions. It is a hypogenous fungus (Desert Truffle) of the Ascomycota 
found across most of Australia and in many areas is more abundant than epigeous 
species and known to be adaptable to arid and rainforest climates (Dissing and Korf, 
1980, Trappe and Claridge, 2005). Elevated [CO2] increased the abundance of 
Pisolithus and Mortierella indicating the possible response to increased C 
translocated into the rhizosphere (Fransson et al., 2007b, Parrent and Vilgalys, 2007, 
Anderson et al., 2013). Chapters 3 and 4 of this study have shown that individual 
isolates of Pisolithus have responded to increased C availability in laboratory 
conditions by increasing fungal biomass and C capture in soil, plant and mycelium. 
From the Illumina MiSeq data analysis, the ability of Pisolithus, as well as other 
species, has been shown, indicated by increased abundance, to have increased its 
biomass and therefore, stored C. By using data obtained in small scale laboratory 
experiments and comparing results with field based experiments there may be 
relevance between small scale and larger environmental scale field experiments and 
the results from small scale experiments may be used as indicators of the larger 
environmental scale findings. These findings assist our understanding of the 
interaction of soil fungal communities in the forest ecosystem and future responses 
to climate change. 
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5.5 Conclusions 
This study suggests that the combination of future predicted levels of atmospheric 
[CO2] and projected increases in global temperature might have a significant effect 
on soil fungi in eucalypt forest ecosystems. Although this study provides new insight 
into specific belowground plant-soil system responses under future predicted 
changes to [CO2] and temperature, knowledge is still rather scarce with respect to the 
relative flow of C to different biological groups. Such knowledge is critical for not 
only advancing our understanding of the soil food web, but also for predicting the 
future impacts of climate change. The next generation sequencing tool is the latest 
available for this type of research and will form an integral part of future research, 
even though it is still has some limitations at present (such as short sequence reads 
leading to high level taxonomic identification). 
The α and β diversity of soil fungi communities are impacted by environmental 
factors. The climatic changes that can impact the environment are occurring now and 
increasingly in the future. Future research into these changes in soil fungal 
communities can now be accomplished at species level, helping to enlarge our 
understanding of climate change in action. 
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CHAPTER SIX 
General Discussion 
 
Climate change models predict increasing atmospheric [CO2] and elevated 
temperatures that will alter the future habitat ranges (Hughes et al., 1996, Thomas et 
al., 2004) and community compositions of many species including the plants and 
fungi that form mycorrhizal symbioses (Pounds et al., 1999, Root et al., 2003, Gange 
et al., 2007, Jefferies et al., 2010, Wevill and Read, 2010, IPPC, 2014). Elevated 
atmospheric [CO2] increases photosynthesis in host plants (Ainsworth and Long, 
2005). This increase in photosynthesis in ECM forming plants will likely lead to an 
increase in C translocated belowground; much of which will leave the root system 
via the Hartig net of ECM fungal colonised root tips (Kuzyakov and Domanski, 
2000, Barron-Gafford et al., 2005). The structure and function of ECM fungal 
communities are therefore likely to be influenced by this increased C availability, 
especially through altered competition in the rhizosphere.  
C capture by natural ecosystems is a potential facilitator in reducing the impact of 
global warming by immobilising atmospheric [CO2]. The work in this thesis aims at 
presenting new information on the effectiveness of ECM fungal communities in 
responding to increased atmospheric [CO2] and facilitating eucalypt forests to 
capture C in their tissues and soils. My hypotheses were: 
(1) that the ECM fungal genus, Pisolithus sp., would increase production of mycelial 
biomass in response to increasing C:N ratios in axenic culture;  
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(2) that host eucalypt plants would produce more biomass when colonised by ECM 
fungal Pisolithus sp.,  
(3) that there would be an increase in the capture of below-ground C in fungal 
mycelium and; 
(4) that the diversity of ECM fungal communities will be altered in response to the 
exposure of Eucalyptus globulus to elevated atmospheric [CO2] and temperature 
with an expected increase in species abundance as opposed to changes in species 
richness.  
The research presented in this thesis primarily concentrated on the response of a 
single ECM genus, Pisolithus, which is a common symbiont of eucalypts. Isolates of 
Pisolithus sp., (P. microcarpus and P. albus) which are endemic to Australia, were 
collected, identified and maintained in axenic culture to enable further in depth 
research. Identification of these isolates was confirmed by conducting a phylogenetic 
analysis using ITS sequences for these isolates and reference sequences from 
GenBank for previously identified Pisolithus isolates (Chapter 2) (Anderson et al., 
1998, Martin et al,. 2002). There were 46 Pisolithus isolates in total that clustered 
within the lineage B section of the Pisolithus phylogenetic tree analysis generated by 
Martin et al. (2002). They consisted of Pisolithus species 7, 8, 9 and 10; all of 
Australian heritage. The Pisolithus sp. in the collection all fell within the groups of 
P. microcarpus, P. albus and a third as yet unclassified species (designated as 
species 10) (Martin et al., 2002). 
Although these Pisolithus sp. sporocarps were all obtained from the east coast of 
southern NSW, Australia, the possible range of these species is likely to extend 
across to the west coast of Western Australia, covering Victoria and South Australia 
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as well. According to the data from Australia’s Virtual Herbarium (AVH, 2014) 
accessed through the fungimap website (www.fungimap.org.au), the Pisolithus 
genus has been recorded from sites across Australia, except for central Queensland 
and central Western Australia, the nullabour plain and northern Tasmania. Most of 
these sightings consist of P. tinctorius which is probably a misidentification of old 
data since P.tinctorius is associated with pine and now thought not to exist in 
Australia (Martin et al., 2002). P. microcarpus has been identified in southwestern 
Western Australia, southeastern South Australia, across Victoria and the east coast of 
Tasmania, New South Wales and Brisbane area of Queensland. P. albus has been 
identified in coastal areas and the Great Dividing Range of eastern Queensland, New 
South Wales and Victoria, as well as coastal south east South Australia and south 
west and coastal areas of Western Australia and Northern Territory. P. marmoratus 
has been found in the southern coastal area of Western Australia and central and 
south coast of New South Wales. The centre of the continent has sightings but no 
identification of species (Australian National Herbarium, 2014).  
Low levels of genetic variation have been reported for P. microcarpus across the 
southeast of Australia, leading to the authors suggesting that wind assisted 
distribution of spores may be important for this Pisolithus species (Hitchcock et al., 
2011). Indeed, the wide dispersal of spores of 3 different Pisolithus species (P. 
microcarpus, P. albus and P. marmoratus), that are endemic to eastern Australia, 
was thought to be the driver in the colonisation of these ECM species in New 
Zealand (Moyersoen et al., 2003). The authors conclude from their work that spores 
originating from southeast Australia were dispersed and migrated by wind across the 
Tasman Sea, leading to the subsequent colonisation and formation of ECM 
associations with the local kanuka Kunzia ericiodes in New Zealand (Moyersoen et 
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al., 2003). Wide dispersal of spores by wind action may explain the occurrence of 
the same species of Pisolithus on both sides of the Australian continent. The 
prevailing wind direction in the south of Australia is from west to east but in the 
north the prevailing winds are from the east. Spores that survive the freezing 
temperatures of the high atmospheric altitudes (jet stream) and the increased UV 
radiation must find suitable hosts for colonisation at their new location (Watson and 
De Sousa, 1983). Central regions of Australia are semi-arid with a few possible hosts 
(eucalypts and acacias) to act as in-between hosts when weather conditions are 
unfavourable (wind direction, floods and drought). Spores may survive until more 
suitable environmental conditions prevail. Drought survival by spore dormancy and 
flood by spreading spores with the flood waters or by the spores and mycelia 
withstanding the immersion in water. While wind dispersal is a likely driver in the 
broad distribution of Pisolithus across Australia, we cannot discount the possibility 
that the presence of Pisolithus sp. in both western and eastern Australia may be due 
to the presence of the species in these locations before central Australia became dry. 
The abundance and distribution of Pisolithus sp. in Australia may be more extensive 
than is currently known as there are large areas that have not been investigated to 
date. It is also possible that there are additional species of Pisolithus present in 
Australia that remain unidentified. In order to gain a better understanding of the 
diversity and distribution of Pisolithus in Australia, and to build up a more holistic 
picture on their functional role in Australian ecosystems, additional field and 
laboratory investigations are required. 
The Pisolithus sp. collected and identified in Chapter 2, responded differently to 
increased C across a C:N gradient in axenic culture, however they could be 
categorised into three broad trends. These trends were (a) increasing biomass with 
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increasing C availability, (b) decreasing biomass with increasing C availability and 
(c) no overall change in biomass with increasing C availability. While isolates fell 
into one of these broad categories, there was no clear trend among the different 
Pisolithus species or between different isolates of the same species highlighting 
significant inter- and intra-specific responses to increasing C availability. Such 
differences were also observed in the research presented in Chapter 3. These findings 
confirm similar observations reported previously for ECM fungi (including 
Pisolithus) (Anderson et al., 1999, Fransson et al., 2007b). The very existence of 
these inter- and intra-species variations may benefit the propagation and exploitation 
of these isolates in plantation forestry particularly in the context of how they will 
adapt or respond to future environmental changes that occur naturally or through the 
intervention of management practices and recolonisation of the natural ecosystems. 
However, we also need to be mindful that they may reflect an underlying level of 
genetic variation and/or species diversity within the Pisolithus genus that cannot be 
detected using a ITS phylogeny alone. Pisolithus taxa may be capable of expanding 
their environmental niches (for example, in Majoral, (2012) Pisolithus partnerships 
with hosts are capable of reclaimimg nickel contaminated mine sites and in Ray 
(2005a and b) these associations are useful in reducing heavy metal in soils and 
associate with a range of hosts, by different Pisolithus species around the world in a 
wide variety of environmental conditions., In Anderson (2001b) Pisolithus genets 
were found to extend over 120 m and live at least 2 years displaying an ability over 
spatial and temporal distances, and they may have the capability to increase the 
production of extra radicale mycelium and produce extensive rhizomorphic 
extensions (Agerer, 2001). From the mycelium growth rate results of this study, it 
may be possible to estimate the C uptake of the ECM fungi from the fungal growth 
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rate observed. The inter- and intra-species variability in responses of P. albus, P. 
microcarpus and Pisolithus species 10 to changes in C in this study have also been 
observed in previous studies (Anderson et al., 1999, 2001a, 2001d). Together, these 
observations suggest that it is impossible to infer general physiological abilities of an 
ECM genus, or even ECM species, if only a small number of isolates are used in the 
experimentation (Cairney, 1999). While some isolates responded with increasing 
biomass to increasing C availability in the current study, whether these same 
Pisolithus isolates would respond similarly in the field, or if associated with other 
eucalypt species remains unknown and worthy of future experimentation. 
E. globulus was chosen as the host plant for the research presented in this thesis 
because previous studies have shown it to be a species with a high potential for C 
sequestration within its tissues (Australian National Herbarium, 2014, Florabank, 
2014) and it is a commonly used eucalypt species in the plantation forest industry in 
Australia and elsewhere. C capture within ecosystems not only occurs in the above-
ground plant compartment but also in the below-ground compartment (including 
roots and soil microbes) although the latter is difficult to accurately quantify and 
specific below-ground C pools are missing from many of the ecosystem C models. 
This gap is an important one to be filled in the context of understanding future 
increases in atmospheric [CO2] given the potentially significant below-ground C 
storage capacity of many ecosystems (IPPC, 2007, Lambers et al., 2009, Seth and 
Misra, 2014). ECM fungi utilise C derived from host photosynthates for hyphal 
growth, respiration and exudation of organic compounds into the surrounding soil. 
The outcome from this mutualism depends upon the usefulness or success of the 
partnership, with the flow of C compounds to the fungal partner being potentially 
restricted if nutrients are not available for exchange to the host. N is the most 
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common nutrient limitation factor (Gorissen and Kuyper, 2000, Fransson et al., 
2007a, 2007b, Johansson et al., 2009). The increases in growth and C storage 
responses of plants and soil biota are limited when there is a shortage of N 
availability under elevated [CO2] (Gorissen and Kuyper, 2000, Fransson et al., 
2007a, 2007b, Johansson et al., 2009). To ameliorate this limitation, the ability of 
acacia species to fix atmospheric N could act as a natural fertiliser when grown in 
conjunction with eucalypts. When Pisolithus myceliumcolonise both acacia and 
eucalypt species and are able to form common mycorrhizal networks that could join 
the two species in the soil ecosystem., Nutrients would be exchanged between the 
two hosts, although AM fungi that also colonise both host species may interfere with 
this network. Companion planting of acacias in eucalypt plantations may therefore 
benefit from this naturally occurring source of N fertilisation (Forrester et al., 2007). 
This companion planting approach has also been found to enable water usage to be 
more efficient, which will benefit plantations located in the southern part of 
Australia as future climate predictions suggest that there will be a 5% reduction in 
rainfall in southern Australia (Forrester et al., 2010, IPCC, 2014).  
In Chapter 4 of this thesis, E. globulus seedlings were colonised by P. microcarpus 
or P. albus in microcosms and exposed to ambient and elevated atmospheric [CO2]. 
The growth results were substantial for some seedlings colonised by particular 
strains of Pisolithus. Some colonised seedlings increased in biomass by up to 500% 
in the ambient treatment and by up to 300% in the elevated treatment although there 
were inter- and intra-specific variations in the responses (details of which are 
outlined in Chapter 4). C:N ratios increased in the above-ground compartment with 
increasing [CO2], (except for E. globulus seedlings colonised by P. microcarpus 
isolate R 02). This indicates that with increasing C availability, more C is generally 
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preferentially allocated to the stems and leaves of the host seedling rather than to its 
roots, at least in this short term experiment. There was also enhanced C capture in 
rhizosphere soil compared to the non-mycorrhizal control seedling for all isolates 
except G 08 (P. microcarpus) and Meg 11 (P. albus)  in the ambient treatment and G 
08 and Meg 07 (P.albus) in the elevated [CO2] treatments. This confirms that 
Pisolithus spp. in association with E. globulus increases the C transferred 
belowground suggesting that they may have the potential to sequester increasing 
amounts of C although further research would be required to determine the time 
frame over which the C remains stable in soil.  
The total C within the microcosms (i.e. including substrates and plant tissues) 
increased by up to 900% at the ambient atmospheric [CO2] for E. globulus seedlings 
colonised by WIL 10 (P. albus) while colonisation by isolate Be 01 (P. albus) 
increased captured C by up to 700% at elevated atmospheric [CO2]. As in all studies 
with ECM fungi and eucalypts, the effect can depend upon the particular species 
involved (Rouhier and Read, 1998, Alberton et al., 2005, Hobbie et al., 2007, 
Parrent and Vigalys, 2009, Pritchard, 2011, Itoo and Reshi, 2013). These findings 
should be followed by more extensive field testing over a longer time period as well 
as using different eucalypts as hosts as there is great potential for future field studies 
to confirm these findings in large scale plantation situations. The discovery of the 
effectiveness of three strains of Pisolithus sp. that could deliver these results is 
important for future forestry and the international trade in C credits. P. albus isolates 
Be 01 and WIL 10, and P. microcarpus isolate SI 12 are the three isolates that 
should be prioritised for further investigation into their potential exploitation in the 
commercial plantation forestry industry in the context of their C capture potential. 
 138 
 
These combinations may be useful also in restoration of natural ecosystems with 
reforestation and remedial management. 
Currently, the Australia government is focusing on “positive and direct action” to 
reduce greenhouse gas emissions (R2R Consultancy Services Pty. Ltd., 2015) and 
Commonwealth Science and Industrial Research Organisation (CSIRO), is 
determining the best method of calculating C capture of forests. Unfortunately, 
CSIRO are using the FullCAM model which only considers belowground root 
biomass and no other belowground C pools (Paul et al., 2013). Earlier methods of C 
capture estimation as described by Litton et al. (2007) included mycorrhizal C input 
as generalised total belowground carbon flux from root primary production, root 
respiration and exudation (which included mycorrhizal fungi) but which ignored 
potential models that include the various C sources within soil (Bowker et al., 2010). 
Other research has attempted to quantify the contribution that soil microbial 
communities make to the C cycle and their potential in C capture mechanisms 
(Fransson et al., 2007a, Millard et al., 2008, Kaiser et al., 2010), however, such 
detailed information is yet to be included in ecosystem C accounting models. This 
notwithstanding, the RothC (Rothamstead Carbon Model), developed at 
Rothamstead, UK, has been calibrated to allow for estimating the dynamics of total 
soil C and allows for microbial biomass (Baldock, 2008). The model has recently 
been updated in 2014 to reflect this (Coleman and Jenkinson, 2014). In The Above 
Ground Biomass (ABG) model that is currently being used by the government of the 
United Kingdom, (similar to FullCAM) (Petrokofsky et al., 2012), the soil 
compartment is not considered for determination of the C in the ecosystem and the 
quote below gives the official reason not to include C pools in the soil compartment 
of the model “Carbon content of the soil is seldom included because it is difficult to 
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define and carry out cost-effective assessments of soil carbon”(Randle, 2015). The 
calculation of the various sources of C within the soil is considered to be difficult to 
ascertain or apportion with ease and repeatability and therefore omitted from this C 
model.  
Soil fungal communities are known to be impacted by elevated atmospheric [CO2] 
(Drigo et al., 2008, Singh et al., 2010, King, 2011, Pritchard, 2011) with fungal 
biomass, diversity and abundance being shown to increase in response to elevated 
[CO2] (Klironomos et al., 1996, Lipson et al., 2005, Carney et al., 2007, Drigo et al., 
2007, 2008, 2009, 2010). However, with two eucalypts species with different 
growing patterns, these responses were shown to be host species specific with the 
significant effects observed on soil fungal community composition (β diversity) 
associated with E. saligna (which decreased), being different from those associated 
with E. sideroxylon (which showed less effect), although fungal communities 
associated with both species were significantly influenced by the combined elevated 
[CO2] and elevated temperature treatment (Anderson et al., 2013). The ability of 
ECM fungal communities associated with eucalypts to respond to changes in climate 
conditions of the near future are important to understand as the responses may vary 
according to the species of eucalypt. These may have important effects in the manner 
in which alterations in the ECM fungal community would impact on particular 
eucalypt forest plantations and the reclamation of degraded ecosystems. These 
differences may be significant in the planning of forestry management practices. The 
probable future climate of increasing atmospheric [CO2] and temperature will affect 
the dominance of certain soil fungal species, leading to changes in the structure of 
the mycorrhizal community. Various species which have an environmental niche 
when climate conditions are ambient may lose their position of dominance and 
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abundance under future elevated climate conditions (Anderson et al., 2013). The 
functional abilities of the new dominant species must be understood so that the 
potential human management intervention, if required, would result in beneficial 
outcomes. 
In this study of the ECM fungal community associated with E. globulus under 
ambient and elevated atmospheric [CO2] and temperature, the structure of the 
community was measured using TRFLP. Distance based redundancy analysis of the 
fungal community TRFLP profiles, showed that the interaction of increased 
atmospheric [CO2] and elevated temperature influenced the diversity of the ECM 
fungal community. The ECM fungal community structure (β diversity) was 
influenced more by temperature than elevated atmospheric [CO2]. This result is 
consistent with the observation of the vulnerability of E. globulus to temperature 
(Australian National Herbarium, 2014, Florabank, 2014). Fungal α diversity (species 
richness) was increased by the interactive effects of elevated temperature and 
atmospheric [CO2]. This result differs from those results obtained in a study with E. 
saligna and E. sideroxylon, where the species richness was reduced under the 
interactive effects of elevated temperature and atmospheric [CO2] (Anderson et al., 
2013). This observation is important, as it suggests that different host eucalypt 
species may drive different responses in the soil fungal community. Indeed plant 
species have been shown to alter soil fungal community structure in field studies 
(Bastias et al., 2007, Curlevski et al., 2010, 2014). Future research is required into 
the effect of the different eucalypt species on the ECM fungal community under 
influences of future climate change. Although, the methodology in this study 
(Chapter 5) did not specifically target active fungi the hyphal in-growth bags contain 
mycelia of fungi that actively colonise the bags during the incubation period and are 
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thus assumed to be active. ECM fungi may become acclimatised to increased 
temperature (Malcolm et al., 2008) and this ability may explain why the relative 
abundance of some OTU’s did not change in the elevated temperature treatment in 
the current study. From the responses observed in this current study, and previous 
studies using whole tree chambers, the interactive effect of both elevated 
atmospheric [CO2] and elevated temperature induce an impact on the soil fungal 
community structure and species richness under eucalypts. 
 
In conclusion, these results support a key role for Pisolithus in the carbon cycling of 
Australian ecosystems. The study has given further insight into the importance of 
ECM fungal communities and the individual species which comprise them in 
ecosystem nutrient cycles. Future climate change will also include extreme events 
occurring over large tracts of land, such as extensive bushfire (Victoria, Australia, 
2009), wide-spread floods (Queensland, Australia, 2011) and long-term droughts 
(Australia, 1958-1968, 1991-1995 and 2002-2006). These events would have an 
impact on the soil fungal community, and its ability to recover from ecological 
devastation, by migration and colonisation. This is an area of future inquiry worth 
following. How resilient are our ecosystems? In this thesis Pisolithus spp. are 
important taxa in the fungal community associated with eucalypts and are capable of 
increasing C capture. Soil fungal communities as well as other soil microorganisms 
should be included in future carbon accounting methods so that a greater 
understanding of the resources Australia has as C credit offsets to trade with industry 
and internationally, to achieve the governments stated aims.  
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Sporocarps and cultures of Pisolithus isolates. Scale bars = 1cm.
  
Meg 07 – Pisolithus albus 
  
Meg 11 – Pisolithus albus 
  
Meg 12 – Pisolithus albus 
(a) – sporocarp     (b) - culture 
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Be 01 – Pisolithus albus 
  
WIL 10 – Pisolithus albus 
  
SI 01 – Pisolithus albus 
(a) – sporocarp     (b) – culture 
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R 01 – species 10 
  
R 02 – Pisolithus microcarpus 
  
R 04 – Pisolithus microcarpus 
(a) – sporocarp    (b) – culture 
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R 05 – Pisolithus microcarpus 
  
R 07 – Pisolithus microcarpus 
  
R 10 – Pisolithus microcarpus 
(a) – sporocarp    (b) – culture 
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MW 01 – Pisolithus microcarpus 
  
MW 03 – Pisolithus microcarpus 
  
G 01 – Pisolithus microcarpus 
(a) – sporocarps    (b) – culture 
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G 02 – Pisolithus microcarpus 
  
G 03 – Pisolithus microcarpus 
  
G 04 – Pisolithus microcarpus 
(a) – sporocarp    (b) – culture 
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G 05 – Pisolithus microcarpus 
  
G 08 – Pisolithus microcarpus 
  
SI 02 – Pisolithus microcarpus 
(a) – sporocarps    (b) – culture 
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SI 03 – Pisolithus microcarpus 
  
SI 04 – Pisolithus microcarpus 
  
SI 05 – Pisolithus microcarpus 
(a) – sporocarp    (b) – culture 
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SI 06 – Pisolithus microcarpus 
  
SI 07 – Pisolithus microcarpus 
  
SI 08 – Pisolithus microcarpus 
(a) – sporocarps    (b) – culture 
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SI 09 – Pisolithus microcarpus 
  
SI 10 – Pisolithus microcarpus 
  
SI 11 – Pisolithus microcarpus 
(a) – sporocarps    (b) – culture 
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SI 12 – Pisolithus microcarpus 
  
SI 13 – Pisolithus microcarpus 
  
SI 14 – Pisolithus microcarpus 
(a) – sporocarps    (b) – culture 
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WIL 01 – Pisolithus microcarpus 
  
WIL 02 – Pisolithus microcarpus 
  
WIL 03 – Pisolithus microcarpus 
(a) – sporocarp     (b) – culture 
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WIL 04 – Pisolithus microcarpus 
  
WIL 05 – Pisolithus microcarpus 
  
WIL 06 – Pisolithus microcarpus 
(a) – sporocarp    (b) – culture 
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WIL 07 – Pisolithus microcarpus 
  
WIL 08 – Pisolithus microcarpus 
  
WIL 11 – Pisolithus microcarpus 
(a) – sporocarp    (b) – culture 
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WIL 12 – Pisolithus microcarpus 
(a) – sporocarp    (b) - culture 
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 FASTA SEQUENCES OF PISOLITHUS COLLECTION 
 
>SI 01 [organism=Pisolithus albus] 
cctgcggaaggtcattatcgaaactcgaaaggtgcggaagggggacctttactggtccttcgaagccctttttactttgtcc
acacctctgtgcaccctgttcgcgtgaggttccttcggaacctgcgtgatactatctcgaactcgtatgtctacagaatgtaa
cctagcgttggaaaagaaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcg
ataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgc
ctgtttgagtgtcatcgaaaatctcaagccaagctgttttgacattggtcgaaaaagcctggattttggagtgtgggaggtct
gcaggcgtcccgatcttgggactgccagctctcctgaaatgcattagtgggatgggcattgcgaccagcctcttcgacgtc
gtaacgcgatcgtcgtggacttgtgagctttcccccccctggactttgc 
 
>Meg 11 [organism=Pisolithus albus] 
aggttccgtaggtgacctgcggaaggatcattatcgaaactcgaaaggtgcggagggggacctttactggtccttcgaag
ccctttttactttgtccacacctctgtgcaccctgttcgcgtgaggttcccttcggaacctgcgtgatactatctcgaactcgta
tgtctacagaatgtaacctagcgttggaaaagaaaatacaactttcagcaacggatctcttggctctcgcatcgatgaagga
cgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggta
ttccgaggagcatgcctgtttgagtgtcatcgaaaatctcaagccaagctgttttgacattggtcgaaaaagcctggattttg
gagtgtgggaggcctgcaggcgtcccgatcttgggactgccagctctcctgaaatgcattagtgggatgggcattgcgac
cagcctcttcgacgtcgtaacgcgatcgtcgtggacttgtgagctttcccccccttgactttgctattggtgaaggcttgacct
caaatcaggtagacacc 
 
>Meg 12 [organism=Pisolithus albus] 
cttcggaacctgcgtgatactatctcgaatcgtatgtctagagaatgtaacctagcgttggaaaagaaaatacaactttcagc
aaggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcat
cgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcatcgaaaatctcaagccaagct
gttttgacattggtcgaaaaagcctggattttggagtgtgggaggtctgcaggcgtcccgatcttgggactgccagctctcc
tgaaatgcattagtgggatgggcattgcgaccagcctcaacgacgtcgtaacgcgatcgtcgtggacttgtgagctttccc
ccccttgactttcctattggtgaaggctgacctcaaatcaggtag 
 
>Meg 07 [organism=Pisolithus albus] 
gttccttcggaacctgcgtgatactatctcgaactcgtatgtctacagaatgtaacctagcgttggaaaagaaaatacaactt
tcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtg
aatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcatcgaaaatctcaagc
caagctgttttgacattggtcgaaaaagcctggattttggagtgtgggaggcctgcaggcgtcccgatcttgggactgcca
gctctcctgaaatgcattagtgggatgggcattgcgaccagcctcttcgacgtcgtaacgcgatcgtcgtggacttgtgag
ctttcccccccttgactttgctattggtgaaggctgacctcaaatca 
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>WIL 10 [organism=Pisolithus albus] 
ggggaccttggggaaggttcttattggaaattggaaagggggggggggggcctttacggtcctttggaagccttttttattt
gttccccacttttgtgcccccggttggggggaggttccttcggaacctgcgtgatactatctcgaactcgtatgtctacagaa
tgtaacctagcgttggaaaagaaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaat
cgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggag
catgcctgtttgagtgtcatcgaaaatctcaagccaagctgttttgacattggtcgaaaaagcctggattttggagtgtggag
gcctgcaggcgtcccgatcttgggactgccagctctcctgaaatgcattactgggatgggcattgcgaccagcctcttcga
cgtcgtaacgcgatcgtcgtgacttgtgagctttccccccccttgaactttgctattggtgaaggc 
 
>Be 01 [organism=Pisolithus albus] 
gtaacaaggtttccgtaggtgaacctgcggaaggatcatttatcgaaactccgaaaggtgcggagggggacctttactgg
tccttcgaagccctttttactttgtccacacctctgtgcaccctgttcgcgtgaggttccttcggaacctgcgtgatactatctc
gaactcgtatgtctacagaatgtaacctagcgttggaaaagaaaatacaactttcagcaacggatctcttggctctcgcatc
gatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcg
ctccttggtattccgaggagcatgcctgtttgagtgtcatcgaaatctcaagccaagctgttttgacattggtcgaaaaagcc
tggattttggacgtgggaggtctgcaggcgtcccgatcttgggactgccagctctcctgaaatgcattagtggggatgggc
attgcgaccagcctcttcgacgtcgtaacgcgatcgtcgtggacttgtgactttcccccccttgactttgctattggtaaggct
gacctcaaatcagg 
 
>R 01 [organism=Pisolithus species 10] 
cgtaggtgacctgcggaaggatcattatcgaaacatgaaaggtgcagagggggacctccccggtccttcgaagccctttt
tacctcgtccacaccctctgtgcaccccattcgcgtggttcttcggaacctgcgtaatactatctcgaacccgtatgtcttaca
gaatgtaacatagcgttggaaacgaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcg
aatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgagg
agcatgcctgtttgagtgtcattgaaaatctcaagcccaagctgcttctgactttggtcgaagagcctggatcttggagtgtt
gggaggtctgcgggtggcccgctctgggatgccggctctcctgaaatgcattagtgggatgggcaatgcgaccagcctc
ttcgacgtcgtaacgcgatcgtcgtggactgagagctgcacgaccccgccgggaaaccccttgctttttgaaggctgacc
tcaaatcaggtaggactacccgctg 
 
>R 02 [organism=Pisolithus microcarpus] 
tttgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcccgccagggtcttccgaaccctgggtga
agcttatctccaactcctatggctaccgaatgggacctaatggggtggaaatggaaataccactttcaaccacggatctctt
ggctctcccatccatgaaggacccaaccaatcccgataagtaatgggaattgcaaaatttccgtgaatcctccaatctttga
acgccccttgcgctccttggtattcccaagaacatgcctggttgaatggcattgaaaatctccagcccaactgttttgactttg
gttgaaaaaacccggattttggaatggtgggaaggctgccgggcgtcctgatcttttgggactgcccgctctcctgaatgc
ttaatgggatgggcgtgcgacccgcctcttcacgtcgtaatgcgatcgtctggactgtgacttttccccc 
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>R 04 [organism=Pisolithus microcarpus] 
ctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtc
cacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatctcgaactcgtatgtctacagaatgt
gacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatc
gcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagc
atgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggag
gtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggtgtgcgaccagcctcttcg
atgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggctttgctattg 
 
>R 05 [organism=Pisolithus microcarpus] 
Taacaaggtttccgtagtgacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtc
cttccaaacccctttttatttgtccacccttctgtgccccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatcttga
actcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcg
atgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgc
tccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagccc
ggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgg
gcgtgtgaccagcctcttcgacgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccccttggctttg 
 
 
>R 06 [organism=Pisolithus microcarpus] 
cttcgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtg
atgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttg
gctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaa
cgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttgg
ttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggaccgccagctctcctgaaatgca
ttagtgggatgggtgtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttccccccccttggct
ttgctattgtgaaggctgacctcaaatcaggta 
 
>R 07 [organism=Pisolithus microcarpus] 
tgcggaaggacattagcgaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccac
acctctgtgcaccccgttcccgccagggtcttccgaaccctgggtgaagcttatctccaactcctatgtctaccgaatggga
cctaatgtggtggaaatggaaataccactttcaaccacggatctcttggctctcgcatccatgaaagacgccacgaatccc
gataagtaatgggaattgcaaaatttccgtgaatcctccaatctttgaacgccccttgcgctccttggtattcccaagaacat
gcctgtttgaatggcattgaaaatctcaagcccaactgttttgactttggttgaaaaaacccggaatttggatggtgggaagg
ctgccgggagtcctgatcttttgggaccgcccgctctcctgaaatgcattaatgggatgggtgtgcgacccgcctcttcgat
gtcctaatgcgatcgtcctggactgggaactttttccccccttgctttgctatgtgaggcttgacctcaatct 
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>R 10 [organism=Pisolithus microcarpus] 
aggttcgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggactttgccggtccttcgaa
gccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggtttttcggaaccctgtgtgatgcttatctcgaactcgt
atgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaag
gacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttgg
tattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggatttt
ggagtgttgggaggtctgcaggcagtcctgatcttttgggaccgccagctctcctgaaatgcattagtgggatgggtgtgc
gacccgcctcttcgatgtcgtaatgctatcgtcgtggactgtgagctttttcccccccttggcttgctattgtgaaggc 
 
>WIL 01 [organism=Pisolithus microcarpus] 
ttccgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaag
ccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgt
atgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaag
gacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttgg
tattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggatttt
ggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgc
gaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttgactttgctattgtgtgaaggctg
acctcaaatcaggtag 
 
 
>WIL 02 [organism=Pisolithus microcarpus] 
aagtaaaagtcgtaacaaggtttccgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggg
gacctttgctggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgt
gtgatgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatct
cttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatcttt
gaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactt
tggttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaat
gcattagtgggatgggcgtgcgaccagcctcttcgacgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttg
gctttgctattgtgaaggctgacctcaaatcaggtagactacccgctgaacttaa 
 
>WIL 03 [organism=Pisolithus microcarpus] 
tgacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactt
tgtccacacctctgtgcaccccgttcgcgcgagggtcttccgaaccctgggtgatgcttatctcgaactcctatgtctaccg
aatgggacctaatgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatccatgaaggacgcaac
gaatcccgataagtaatgggaattgcagattttccgtgaatcatccaatctttgaacgcaccttgcgctccttggtattccgag
gaacatgcctgtttgaatggcattgaaaatctcaagccgaactgttttgactttggttgaaaaagcccggattttggaatgttg
ggagggctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattaatgggatgggcgtgcgaccagcc
tcttccacgtcctatgcgatcgtcgtggactgggagcttttttcccccccttggctttgctattgtgaaagcgtgacctcaaatc
a 
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>WIL 04 [organism=Pisolithus microcarpus] 
tagaggaagtaaaagtcgtaacaaggtttccgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcgga
ggggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaa
ccctgtgtgatgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaac
ggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcg
aatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgtt
ttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcc
tgaaatgcattagtgggatgggtgtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttccccc
ccttggctttgctattgtgaaggctgacctcaaatcaggtaggactacccgctgaacttaagcatatcaat 
 
>WIL 05 [organism=Pisolithus microcarpus] 
gtcgtaacaaggtttcgtaggtgaacctgcggaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccg
gtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatc
tcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgc
atcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcacctt
gcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaa
gcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtggg
atgggtgtgcgaccagcctcttcgattcgtaatgcgatcgtcgtggactgtgagctttccccccctggctttgctattgtgaa
ggctgacctcaaatcaggaggatacccgctgaacttaagcat 
 
>WIL 06 [organism=Pisolithus microcarpus] 
aaaagtcgtaacaaggtttccgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacc
tttgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtgat
gcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttgg
ctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaac
gcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggtt
gaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcatt
agtgggatgggtgtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggctttg
ctattgtgaaggcttgacctcaaatcaggtagactacccgctgaacttaag 
 
 
>WIL 07 [organism=Pisolithus microcarpus] 
ttccgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaag
ccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgt
atgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaag
gacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttgg
tattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggatttt
ggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgc
gaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttgactttgctattgtgtgaaggctg
acctcaaatcaggtag 
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>WIL 08 [organism=Pisolithus microcarpus] 
ttcttggtcaattagaggaagtaaaagtcgtaacaaggtttccgtaggtgaacctgcggaaggatcattagcgaaactcga
aaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcga
ggttcttcggaaccctgtgtgatgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaa
ctttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttcc
gtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaa
gccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggact
gccagctctcctgaaatgcattagtgggatgggtgtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtg
agctttttcccccccttggctttgctattgtgaaggctgacctcaaatcaggtggactacccgctgaacttaagctt 
 
>WIL 09 [organism=Pisolithus microcarpus] 
gtgacctgcggaaggatcattagcgaaactcgaaaggtgcggggggggacctttgccggtccttcgaagccctttttactt
tgtccacacctctgtgcaccccggttcccccaaggttcttcgaaacccggtgcaaggctaatctcaaattcttaggtctcca
aaaggtaacctatggggttgaaaatggaaatccaactttcaccaccggatctctgggttctcgcatcaataaaggacccac
cgaatcgcgataattaaggtgaattgcaaattttccttgattcatcaattctttgaacgccccttgccctccttggatttccaaga
agcttgccggtttgattgtcattgaaaatctcaggccaagctgttttgactttggttgaaaaaccccggattttgaagggttgg
gaggcctgcaggcagccctgatcttttgggactgccacctctcctgaaatgctttatggggaggggcgtgtgaccaccct
cttcaacgtctaaatgcaatcgtcggggactgtgacttttttcccccttgacttgcttttgtgtggcgggtgacctatcatggag
gactccccgct 
 
>WIL 11 [organism=Pisolithus microcarpus] 
caaggtttccgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtcct
tcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatctcga
actcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcg
atgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgc
tccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagccc
ggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgg
gtgtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggctttgctattgtgaag
gctgacctcaaatcaggtaggactacccgctgaactta 
 
 
>WIL 12 [organism=Pisolithus microcarpus] 
gtaaaagtcgtaacaaggtttccgtaggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggagggggga
cctttgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgt
gatgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctctt
ggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttga
acgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttg
gttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgc
attagtgggatgggtgtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggct
ttgctattgtgaaggctgacctcaaatcaggtaggactacccgctgaacttaagcat 
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>MW 01 [organism=Pisolithus microcarpus] 
atcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccacacctctgt
gcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgtaacctagtgt
gttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcaccgaatcgcgataagta
atgtgaattgcaaattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccaaggagcatgcctgtttga
gtgtcattgaaaatctcaagccaagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggca
gtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgcgaccagcctcttcaacgtcgtaatg
cgatcgtcgtggactgtgagctttttcccccccttgactttgctattgggaggagggttgacc 
 
>MW 03 [organism=Pisolithus microcarpus] 
cattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgc
accccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgtt
ggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaat
gtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgag
tgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcag
tcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggtgtgcgaccagcctcttcgatgtcgtaatgcg
atcgtcgtggactgtgagctttttccccccccttggctttgcta 
 
>G 01 [organism=Pisolithus microcarpus] 
gaggaagtaaaagtcgtaacaaggtttccgtaggtgaacctgcggaaggatcattagtgaaactcgaaaggtgcggagg
ggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaacc
ctgtgtgatgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacgg
atctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaat
ctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttg
actttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctga
aatgcattagtgggatgggtgtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttccccccct
tggctttgctattgtgaaggcttgacctcaaatcaggtaggactacccgctgaacttaagc 
 
>G 02 [organism=Pisolithus microcarpus] 
gggaacccgtgggaaggctcttgagaaaatctaaaagggtgggggggggggcctttgccggtcctttggaaccctttttt
atttgttcccccctttgtgccccccgtttggggggggttttttgggacctgggggaaggttattttggaattggaagttttacag
aatgtgacctagtgcgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagc
gaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgag
gagcatgcctgtttgagtgtcattgaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgg
gaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgcgaccagcctc
ttcgacgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggctttgctattgtgaaggctgacctca 
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>G 03 [organism=Pisolithus microcarpus] 
taggtgacctgcggaaggtcattagcgaaactcgaaaggtgcggaggggggagattgcgcgtcctcttcaaaccttttta
cattgtccacacctctgtgcgccccctttcgcgaggtgcttctcaaacctgtgtgaggcgcatctctcacactcatgtgtaca
caatgtgacctatagtgtggtaaatgggaatacaactttttccaacggatctcttgggtctctcatctataaaagagacaccg
aatctcgataaataatgtgaattgtgcatattccctgaatctcctaatctctgtacgcaccttgtgctccctgtgatttccagaag
aatgcgtgtgtgagtgtgattgaaaatctctcgcccagatgtgttgactttggttgaaaaaaccccgatattgtagagtgggg
aggtgtgcgcgcgctcctgagctcttgggacagccccctctcccgagatgtgttattgggatgggggtgcgacccccctc
ttctatgtgtcaatgcgatcgccgcgtacagtgagatttttcccccccctgtggctgctatagtgagagcgcgagctctcatc
tcgtgtgagtacacgctgagatcataaa 
 
>G 04 [organism=Pisolithus microcarpus] 
cctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgt
ccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatctcgaactcgtatgtctacagaatg
tgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaat
cgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggag
catgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttggga
ggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggtgtgcgaccagcctcttc
gatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggctttgctattgtgaaggctgacctcaaatcaggta
g 
 
>G 05 [organism=Pisolithus microcarpus] 
cctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgt
ccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatctcgaactcgtatgtctacagaatg
tgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaat
cgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggag
catgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttggga
ggtctgcaggcagtcctgatcttttgggaccgccagctctcctgaaatgcattagtgggatgggtgtgcgaccagcctcttc
gatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggctttgctattgtgaaggctgacctcaaatcaggta
ggactac 
 
>G 07 [organism=Pisolithus microcarpus] 
tgaggaagtaaaagtcgtaacaaggtttccgtaggtgaacctgcggaaggatcattagtgaaactcgaaaggtgcggag
gggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaac
cctgtgtgatgcttatctcgaactcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacg
gatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcga
atctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttt
tgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcct
gaaatgcattagtgggatgggtgtgtgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccc
cttggctttgctattgtgaaggcttgacctcaaatcaggtaggactacccgctgaacttaagc 
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>G 08 [organism=Pisolithus microcarpus] 
cgtaggtgacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccct
ttttactttgtccacacctctgtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgt
ctacagaatgtaacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggac
gcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtatt
ccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttgga
gtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgtgac
cagcctcttcgacgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttgactttgctattgtgtgaaggctgacc
tcaaatcaggtagactaccc 
 
>SI 02 [organism=Pisolithus microcarpus] 
caaggtttccgtaggtgacctgcggaaggatcattagtgaaactcgaaaggtgcggaggggggacctttgccggtccttc
gaagccctttttactttgtccacacctctgtgcaccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatctcgaac
tcgtatgtctacagaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgat
gaaggacgcagcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctc
cttggtattccgaggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccg
gattttggagtgttgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggt
gtgcgaccagcctcttcgatgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttggctttgctattgtgaaggc
tgacctcaaatcaggtaggactaccc 
 
>SI 03 [organism=Pisolithus microcarpus] 
ggtgaacctgcggaaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagcccttttt
acttggtccccccttgtggccccccgttcgcgcgaggttcttcggaaccctgtgtgatgcttatctcgaactcgtatgtctac
agaatgtgacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgca
gcgaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccg
aggagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgt
tgggaggtctgcaggcagtcctgatcttttgggactgccagctctcctgaaatgcattagtgggaaggggggggggccc
accttttggaggtggtaaggcattgtt 
 
>SI 04 [organism=Pisolithus microcarpus] 
cctgcggaaggatcattagcgaaactcgaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtc
cacacctctgtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaat
gtaacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaa
tcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggag
catgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttggga
ggtctgcaggcagtcctgatcttttgggaatgcccgcttccctgaaatggattaaggggaagggggggggacccgccctt
tcca 
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>SI 05 [organism=Pisolithus microcarpus] 
gtgacctgcggaggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactt
tgtccacacctctgtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacag
aatgtaacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagc
gaatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgag
gagcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttg
ggaggtctgcaggcagtcctgatctttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgcgaccagcc
tcttcgacgtcgtaatgcgatcgtcgtggactgtgagctttttcccccccttgactttgctattgtgtgaaggctgacctcaaat
cag 
 
>SI 06 [organism=Pisolithus microcarpus] 
cctgcggaggacattagcgaaactcgaaggtgcggaggggggactttgccggtccttcgaagccctttttactttgtccac
acctctgtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgtaa
cctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgc
gataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatg
cctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtc
tgcaggcagtcctgatcttttgggaatggccgctcccctgaaatggattaatgggaagggggtgggacccgccccttcca
actcctaatggcatcctcctggaatgggaactttttcccccccttggctttgctattgggtgagggttggcctccaat 
 
>SI 07 [organism=Pisolithus microcarpus] 
cgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgcacccccgttcgc
gcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgtaacctagtgtgttggaaatggaaa
tacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtgaattgcaga
ttttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgtcattgaaaat
ctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtcctgatctttttg
gaacggcc 
 
>SI 08 [organism=Pisolithus microcarpus] 
ggatcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccacacctct
gtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgtaacctagt
gtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataa
gtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgt
ttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgca
ggcagtcctgatcttttgggaacggccacctctcctgaaaggctttatggggaggggcgtgcaaccaccctcttcaacttct 
 
>SI 09 [organism=Pisolithus microcarpus] 
atcatagcgaaactcgaaaggtgcggagggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgc
acccccgttcgcgcgaggttcttcggaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgtaacctagtgtgtt
ggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgtgataagtaatg
tgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagt
gtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcatc
ctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgtgaccagcctcttcgacgtcgtaatgcga
tcgtcgtggactgtgagctttttcccccccttgactttgctattgtgtgaaggctt 
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>SI 10 [organism=Pisolithus microcarpus] 
gaaggatcattagcgaaactcgaaaggtgcggggggggacctttgccggtccttcgaagccctttttactttgtccacacc
tctgtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacgaatgtacctag
tgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataa
gtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgt
ttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgca
ggcagtcctgatctttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgcgacca 
 
>SI 11 [organism=Pisolithus microcarpus] 
atcattagcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccacacctctgt
gcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgtaacctagtgt
gttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgtgataagta
atgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttg
agtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggc
agtcctgatcttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgtgaccagcctcttcgacgtcgtaat
gcgatcgtcgtggactgtgagctttttcccccccttgactttgctattgtgtgaaggctgacctc 
 
>SI 12 [organism=Pisolithus microcarpus] 
gacctgcggaaggatcattagcgaaactcgaaaggtgcggagggggacctttgccggtccttcgaagccctttttactttg
tccacacctctgtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacaga
atgtaacctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcg
aatcgcgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgagg
agcatgcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgg
gaggtctgcaggcagtcctgatctttttgggactgccagctctcctgaaatgcattagtgggatgggcgtgcgaccagcct
cttcgacgtcgtaatgcgatcgtcgtggactgtgagctttttccccccccttgactttgctattgtgtgaaggctgacctcaaa
tca 
 
>SI 13 [organism=Pisolithus microcarpus] 
agcgaaactcgaaaggtgcggaggggggacctttgccggtccttcgaagccctttttactttgtccacacctctgtgcacc
cccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgtaacctagtgtgttgg
aaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcgcgataagtaatgtg
aattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcatgcctgtttgagtgt
cattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggtctgcaggcagtc
ctgatcttttgggaatggc 
 
>SI 14 [organism=Pisolithus microcarpus] 
Tgacctgcggaggacattagcgaactcgaaggtgcggaggggggactttgccggtccttcgaagccctttttatttgtcc
aacctctgtgcacccccgttcgcgcgaggttcttcggaaccctgtgcgatgcttatctcgaactcgtatgtctacagaatgta
acctagtgtgttggaaatggaaatacaactttcagcaacggatctcttggctctcgcatcgatgaaggacgcagcgaatcg
cgataagtaatgtgaattgcagattttccgtgaatcatcgaatctttgaacgcaccttgcgctccttggtattccgaggagcat
gcctgtttgagtgtcattgaaaatctcaagccgagctgttttgactttggttgaaaaagcccggattttggagtgttgggaggt
ctgcaggcagtcctgatcttttgggaatggccacttccccgaaatggcttaatgggaagggggtgggaaccgccccttca
acgcggaatgggaaccgcgtggaatgggaactttttcccccccttggcttt 
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Table 4.1 Plant biomass (g) means ± s.e. 
Isolate 
inoculant 
Pisolithus 
species 
Ambient 
stem,leaves (g) 
Elevated 
stem,leaves (g) 
Ambient roots 
(g) 
Elevated roots (g) Ambient total 
plant biomass (g) 
Elevated total 
plant biomass (g) 
Control  0.2014 ± 0.05 0.3445 ± 0.03 0.1175 ± 0.02 0.0823 ±0.01 0.3189 ± 0.06 0.4267 ± 0.04 
Be 01 P.albus 0.7211 ± 0.16 0.8202 ± 0.1 0.4264 ± 0.25 0.2477 ± 0.05 1.1484 ± 0.33 1.068 ± 0.15 
WIL 10 P.albus 0.7373 ± 0.14 0.9199 ± 0.31 0.4204 ± 0.08 0.4452 ± 0.16 1.1577 ± 0.21 1.365 ± 0.48 
SI 01 P.albus 0.4151 ± 0.02 0.377 ± 0.03 0.2822 ± 0.01 0.1517 ± 0.03 0.6973 ± 0.02 0.5287 ± 0.04 
Meg 07 P.albus 0.5139 ± 0.01 0.3151 ± 0.08 0.2225 ± 0.03 0.0769 ± 0.02 0.7365 ± 0.03 0.392 ± 0.1 
Meg 11 P.albus 0.5154 ± 0.03 0.3407 ± 0.04 0.3617 ± 0.05 0.1106 ± 0.02 0.8771 ± 0.07 0.4512 ± 0.05 
Meg 12 P.albus 0.5433 ± 0.01 None survived 0.3322 ± 0.02 None survived 0.8755 ± 0.01 None survived 
WIL 01 P.microcarpus 0.5981 ± 0.04 0.321 ± 0.12 0.2907 ± 0.04 0.1129 ± 0.04 0.8888 ± 0.04 0.4339 ± 0.15 
G 08 P.microcarpus 0.3361 ± 0.01 0.2279 ± 0.03 0.1981 ± 0.02 0.1131 ± 0.01 0.5342 ± 0.02 0.341 ± 0.03 
R 02 P.microcarpus 0.393 ± 0.09 0.1233 ± 0.03 0.2932 ± 0.09 0.0857 ± 0.03 0.6862 ± 0.17 0.209 ± 0.07 
SI 12 P.microcarpus 0.5436 ± 0.01 0.8953 ± 0.41 0.343 ± 0.08 0.3495 ± 0.14 0.8866 ± 0.07 1.245 ± 0.52 
MW 01 P.microcarpus 0.2096 ± 0.05 0.2563 ± 0.02 0.1306 ± 0.04 0.1594 ± 0.04 0.3403 ± 0.09 0.4157 ± 0.06 
SI 09 P.microcarpus 0.5923 ± 0.09 0.1862 ± 0.01 0.2128 ± 0.03 0.5603 ± 0.02 0.8051 ± 0.09 0.2422 ± 0.02 
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Table 4.2 Plant stem and leaves C and N (g) means ± s.e. 
Isolate 
inoculant 
Pisolithus species Ambient C (g) Elevated C (g) Ambient N (g) Elevated N (g) 
control  0.111 ± 0.0363 0.172 ± 0.016 0.00241 ± 0.000341 0.00213 ± 0.000168 
Be 01 P.albus 0.371 ± 0.0853 0.402 ± 0.0456 0.00999 ± 0.00332 0.00834 ± 0.00354 
WIL 10 P.albus 0.367 ± 0.0723 0.459 ± 0.161 0.0120 ± 0.00448 0.00730 ± 0.00364 
SI 01 P.albus 0.208 ± 0.00958 0.187 ± 0.0174 0.00246 ± 0.0000804 0.00260 ± 0.000591 
Meg 07 P.albus 0.255 ± 0.00317 0.163 ± 0.0415 0.00368 ± 0.0000418 0.00219 ± 0.000313 
Meg 11 P.albus 0.258 ± 0.0147 0.172 ± 0.0152 0.00428 ± 0.000464 0.00225 ± 0.000140 
Meg 12 P.albus 0.273 ± 0.00141 None survived 0.00375 ± 0.000103 None survived 
WIL 01 P.microcarpus 0.295 ± 0.0194 0.159 ± 0.0578 0.00423 ± 0.000465 0.00221 ± 0.000680 
G 08 P.microcarpus 0.163 ± 0.00517 0.114 ± 0.0172 0.00215 ± 0.000213 0.00153 ± 0.000174 
R 02 P.microcarpus 0.196 ± 0.0424 0.0536 ± 0.0189 0.00289 ± 0.000527 0.000996 ± 0.000250 
SI 12 P.microcarpus 0.281 ± 0.00339 0.448 ± 0.207 0.00379 ± 0.000229 0.0102 ± 0.00485 
MW 01 P.microcarpus 0.115 ± 0.0311 0.126 ± 0.0112 0.00160 ± 0.000665 0.00250 ± 0.000405 
SI 09 P.microcarpus 0.299 ± 0.0464 0.0951 ± 0.00514 0.00436 ± 0.000436 0.00130 ± 0.000106 
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Table 4.3 Plant roots C and N (g) means ± s.e. 
Isolate 
inoculant 
Pisolithus species Ambient C (g) Elevated C (g) Ambient N (g) Elevated N (g) 
control  0.0374 ± (combined)* 0.0271 ± 0.00488 0.000973 ± (combined) 0.000597 ± 0.000154 
Be 01 P.albus 0.0925 ± 0.0414 0.0884 ± 0.0186 0.00273 ± 0.00135 0.00246 ± 0.000873 
WIL 10 P.albus 0.0956 ± 0.0116 0.164 ± 0.0494 0.00343 ± 0.000771 0.00334 ± 0.00132 
SI 01 P.albus 0.0959 ± 0.00951 0.0647 ± 0.0168 0.00150 ± 0.0000653 0.00118 ± 0.000253 
Meg 07 P.albus 0.0752 ± 0.00930 0.0312 ± (combined) 0.00136 ± 0.000127 0.000636 ± (combined) 
Meg 11 P.albus 0.107 ± 0.0237 0.0428 ± 0.00420 0.00189 ± 0.000280 0.000877 ± 0.000117 
Meg 12 P.albus 0.104 ± 0.00685 None survived 0.00177 ± 0.000104 None survived 
WIL 01 P.microcarpus 0.0919 ± 0.0159 0.0429 ± (combined) 0.00165 ± 0.000209 0.000904 ± (combined) 
G 08 P.microcarpus 0.0640 ± 0.00195 0.0471 ± 0.00112 0.00117 ± 0.0000320 0.000820 ± 0.0000558 
R 02 P.microcarpus 0.0953 ± 0.0255 0.0312 ± (combined) 0.00163 ± 0.000304 0.000648 ± (combined) 
SI 12 P.microcarpus 0.112 ± 0.0399 0.130 ± 0.0554 0.00186 ± 0.000361 0.00415 ± 0.00170 
MW 01 P.microcarpus 0.0472 ± 0.0114 0.05 ± 0.0101 0.000875 ± 0.000116 0.00110 ± 0.000304 
SI 09 P.microcarpus 0.0676 ± 0.0105 0.229 ± (combined) 0.00121 ± 0.0000172 0.00488 ± (combined) 
*replicates combined 
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Table 4.4 Substrate C and N (g) means ± s.e. 
Isolate 
inoculant 
Pisolithus species Ambient C (g) Elevated C (g) Ambient N (g) Elevated N (g) 
Initial C/N  3.707 ± 0.381  0.178 ± 0.0572  
control  2.911 ± 0.339 2.783 ± 0.325 0.0486 ± 0.00219 0.05 ± 0.00505 
Be 01 P. albus 4.368 ± 0.459 4.641 ± 0.463 0.0942 ± 0.0130 0.0814 ± 0.0112 
WIL 10 P. albus 4.568 ± 0.463 4.286 ± 0.469 0.0976 ± 0.0139 0.0755 ± 0.0114 
SI 01 P. albus 3.906 ± 0.112 3.863 ± 0.265 0.0645 ± 0.00218 0.0639 ± 0.00342 
Meg 07 P. albus 3.653 ± 0.132 2.731 ± 0.244 0.0620 ± 0.00238 0.0470 ± 0.00396 
Meg 11 P. albus 2.794 ± 0.0772 3.432 ± 0.192 0.0504 ± 0.000817 0.0553 ± 0.000482 
Meg 12 P. albus 3.053 ± 0.0555 None survived 0.0512 ± 0.000616 None survived 
WIL 01 P. microcarpus 3.344 ± 0.134 2.417 ± 0.181 0.0564 ± 0.00296 0.0446 ± 0.00303 
G 08 P. microcarpus 2.876 ± 0.103 2.646 ± 0.183 0.0511 ± 0.00177 0.0485 ± 0.00290 
R 02 P. microcarpus 3.452 ± 0.0781 2.968 ± 0.0402 0.0609 ± 0.00195 0.0505 ± 0.00195 
SI 12 P .microcarpus 3.936 ± 0.221 4.475 ± 0.457 0.0635 ± 0.00231 0.0917 ± 0.0124 
MW 01 P. microcarpus 3.255 ± 0.0988 4.176 ± 0.0932 0.0594 ± 0.00268 0.0726 ± 0.00207 
SI 09 P. microcarpus 3.505 ± 0.164 3.218 ± 0.0779 0.0613 ± 0.00262 0.0596 ± 0.00224 
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Table 4.5          Plant stem and root biomass (g), C (g) and N (g) and their ratios of ambient and elevated treatments 
isolate 
 
Be 01 
WIL 
10 SI 01 
Meg 
07 
Meg 
11 
Meg 
12 
WIL 
01 G 08 R 02 SI 09 SI 12 MW 01 control 
biomass(g) 
              aTaCO2 stem 0.721 0.737 0.415 0.514 0.515 0.543 0.598 0.336 0.393 0.592 0.544 0.210 0.201 
 
root 0.426 0.420 0.282 0.223 0.362 0.332 0.291 0.198 0.293 0.213 0.343 0.131 0.118 
 
ratio 
stem:root 1.691 1.754 1.471 2.310 1.425 1.635 2.057 1.697 1.340 2.783 1.585 1.605 1.714 
               aTeCO2 stem 0.820 0.920 0.377 0.315 0.341 * 0.321 0.228 0.123 0.186 0.895 0.256 0.345 
 
root 0.248 0.445 0.152 0.077 0.111 * 0.113 0.113 0.086 0.560 0.350 0.159 0.082 
 
ratio 
stem:root 3.311 2.066 2.485 4.098 3.080 n/a 2.843 2.015 1.439 0.332 2.562 1.608 4.186 
               C (g) 
              aTaCO2 stem 0.261 0.261 0.186 0.237 0.219 0.233 0.239 0.150 0.158 0.244 0.227 0.072 0.080 
 
root 0.091 0.077 0.075 0.076 0.082 0.090 0.086 0.056 0.074 0.070 0.084 0.039 0.034 
 
ratio 
stem:root 2.869 3.401 2.483 3.133 2.679 2.596 2.793 2.665 2.124 3.477 2.720 1.832 2.317 
               aTeCO2 
              
 
stem 0.244 0.301 0.138 0.145 0.130 
 
0.098 0.071 0.039 0.086 0.277 0.104 0.145 
 
root 0.077 0.118 0.056 0.036 0.034 
 
0.026 0.027 0.022 0.025 0.076 0.045 0.024 
 
ratio 
stem:root 3.179 2.543 2.483 4.065 3.781 n/a 3.728 2.634 1.735 3.436 3.634 2.318 6.149 
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isolate 
 
Be 01 
WIL 
10 SI 01 
Meg 
07 
Meg 
11 
Meg 
12 
WIL 
01 G 08 R 02 SI 09 SI 12 MW 01 control 
N (g) 
              aTaCO2 stem 0.007 0.008 0.002 0.003 0.004 0.003 0.003 0.002 0.002 0.004 0.003 0.001 0.002 
 
root 0.003 0.003 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 
               
 
ratio 
stem:root 2.619 2.864 1.874 2.472 2.472 2.088 2.200 1.930 1.763 2.918 2.105 1.274 2.076 
               aTeCO2 
              
 
stem 0.005 0.004 0.002 0.002 0.002 
 
0.001 0.001 0.001 0.001 0.006 0.002 0.002 
 
root 0.002 0.002 0.001 0.001 0.001 
 
0.001 0.000 0.000 0.001 0.002 0.001 0.001 
 
ratio 
stem:root 2.347 1.896 1.821 2.834 2.446 n/a 2.545 2.057 1.615 2.213 2.475 2.120 3.559 
               aTaCO2 
              stem ratio C:N 39.429 32.666 84.151 69.358 59.988 72.717 70.043 76.113 66.101 66.239 74.353 74.730 42.950 
root ratio C:N 35.986 27.503 63.508 54.725 55.355 58.483 55.183 55.130 54.852 55.592 57.540 51.959 38.478 
               aTeCO2 
              stem ratio C:N 36.864 37.699 62.614 42.256 35.656 n/a 28.594 36.261 16.177 23.277 90.675 107.952 78.341 
root ratio C:N 30.364 42.450 47.261 25.700 23.314 n/a 16.876 26.575 16.434 19.770 52.526 59.321 26.453 
